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Abstract

:

Shape memory polymers (SMP) belong to the class of stimuli-responsive materials and have generated significant research interest. Their capability to retain an imposed, temporary shape and to recover the initial, permanent shape upon exposure to an external stimulus depends on the “functional determinants”, which in simplistic terms, can be divided into structural/morphological and processing/environmental factors. The primary aim of the first part of this review is to reflect the knowledge about these fundamental relationships. In a next step, recent advances in shape memory polymer composites are summarized. In contrast to earlier reviews, studies on the impairment of shape memory properties through various factors, such as aging, compression and hibernation, lubricants, UV light and thermo-mechanical cycling, are extensively reviewed. Apart from summarizing the state-of-the-art in SMP research, recent progress is commented.
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1. Introduction


To date, much attention has been directed to a variety of functional materials including alloys [1,2,3], ceramics [4,5,6], polymers [7,8,9,10,11,12,13,14] and gels [15,16,17,18,19], which have all been found to exhibit shape memory behavior. Particularly, shape memory polymer (SMP) research is a continuously growing working field. SMPs have plenty of advantages over their well-investigated counterpart of shape memory alloys (SMAs). Inherent advantages are their low cost, light weight, dyability, corrosion resistance, electrical insulation, ease of processability (formation and workability), adjustable transition temperature and less-demanding thermo-mechanical treatment, also called training. Beyond this, a maximum strain of several hundred percent can be stored by SMPs [20], in contrast to only about 8% by SMAs [7]. SMPs can be biocompatible and nontoxic. Shortcomings of SMPs can be seen in much lower recovery stresses (≤10 MPa [12] vs. up to 900 MPa for NiTi [21]), shorter cycle life (200 cycles vs. up to 106 cycles reported for NiTi [12]), and much longer recovery times (tens of seconds in open air for SMPs vs. tens of milliseconds for SMAs [12]). Comprehensive comparisons of SMAs with SMPs have been given by Feninat et al. [22] and Hornbogen [23].



An SMP can be deformed from a permanent into a stress-free temporary shape, which can be fixed and maintained until shape recovery is triggered through an external stimulus, most common a temperature increase above the SMP’s so-called transformation or switching temperature [7,10,11,24,25,26]. Depending on the material used, stimuli can also be light [27] (UV [28], infrared or laser light [29,30,31,32,33]), electricity [30,34,35,36,37,38,39,40,41,42,43,44], an alternating magnetic field, pH changes [49] and solvents [50,51,52,53].



In Scheme I two different types of SM phenomena and their simplified molecular mechanisms are presented. For classical SMPs with so-called “one-way” (non-reversible) SM, a programming procedure has to be applied every time before the SM effect can be triggered [54]. Similarly, “one-way” triple-shape properties can be obtained by two-step programming of an SMP with two well-separated phase transition temperatures [55,56] or a broad glass transition, spanning, e.g., over a temperature region of 75 °C [57]. Upon application of an external stimulus like heat, the polymer shows sequential shape recovery responses, from twice fixed over once fixed to permanent shape. In some cases, another type of SM phenomenon, which is the so-called “two-way” (reversible, all-round) SM, has been observed. For example, regular temperature-dependent mechanical activity may occur due to crystallization processes, inducing specimen elongation on cooling, and melting transitions, giving specimen shrinkage on heating [58,59]. A detailed mechanism for a glass forming nematic network with reversible SM has been suggested by Qin and Mather [59]. Alternatively, at least five different “two-way” training procedures were published for SMAs [60].
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Scheme I. (a) Schematic illustration of the “one-way” SM effect and (b) “one-way” triple-shape effect on a polymer specimen (red color) subsequent to shape programming (left). Consideration of the associated molecular mechanisms, illustration of chain segments and netpoints in black and green color (right). 
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In this article, some fundamental insights on SMPs are provided. In addition, a short overview on polymers with proven SM properties is given and prospects for SMPs are reported. To develop a comprehensive understanding, the relationship between the SM properties of a polymer and the functional determinants, namely structure and morphology on the one hand and processing and environment on the other hand, is elucidated. This is mainly done by giving some series of prominent examples. Beyond this, recent progress in electrically conductive and magnetosensitive SMP composites is reviewed and the alternative triggering of the SM effect in polymers through solvents described. With the summary of durability and cycle life studies on SMPs and their composites, meaningful criterions for the quality of SMPs are considered. Towards the end, two major research trends for SMPs are identified; the first concentrates on medical applications, the other one on foaming. Finally, the focus shifts to impact testing as a powerful tool to evaluate the performance of SMP foams.




2. Fundamentals for SMPs


2.1. Molecular mechanism


Shape memory polymers are polymer networks with integrated, stimuli sensitive switches. Suitable polymer network architectures consist of chain segments and netpoints (Scheme I). Since the netpoints cross-link the chain segments, they determine the permanent shape of the polymer. The cross-links can be either of chemical nature (covalent bonds) or physical nature (intermolecular interactions like crystals and chain entanglements); they prevent flow of the molecular chains under deformation. SMPs can be classified into thermosets and thermoplastics. Thermoset SMPs have chemical cross-links, which soften, but do not melt at elevated temperatures; instead they either start to burn or decompose. In general, thermoset SMPs have higher stiffness and lower strain capability than thermoplastic SMPs, which are easy to reshape, since they have no covalent bonds between chains (no chemical cross-links) [20]. Physical cross-linking is commonly found in block copolymers, whose morphologies consist of at least two segregated domains. In such examples, domains related to the phase with the highest thermal transition temperature (Tperm) are called “hard domains” and act as physical netpoints [7], they aggregate to form permanent netpoints through polar interactions, hydrogen bonding and crystallization [61]. The hard segments constitute the permanent shape of an SMP, but to obtain SM functionality a second phase is required. The chain segments associated with the second highest thermal transition temperature (Ttrans) are called “switching segments” and form a reversible phase, which can be first used for fixing a temporary shape in an SMP through polymer chain immobilization (crystallization or vitrification) and later to accomplish molecular motions during shape or stress recovering due to passing a melting (Ttrans = Tm) or glass transition (Ttrans = Tg). Chemical cross-linking is achieved by the reaction of functional groups, which are attached to chain segments. The functional groups must be able to reversibly form covalent bonds by reacting with each other.



The mechanical properties of polymers differ greatly depending on the region of viscoelastic behavior [62]. An abrupt drop in tensile modulus Er by a factor of more than 100 during polymer heating from a temperature below to above its phase transition is a well-known phenomenon, which can be observed in many polymers. Scientists and engineers have learned to take advantage of the pronounced change in Er through the application of suitable programming steps around the phase transition, which provide regular polymers with shape memory characteristics [54]. An SMP can be deformed with relative ease at temperatures above the phase transition and fixed by cooling below the phase transition temperature. Accordingly, the rubbery modulus dictates the recovery force of an SMP [63], it is the basis of the SM effect in polymers and scales with the strain capacity of such materials [64]. Er is known to be inversely proportional to the molecular weight between cross-links, according to James’ classical work on the elastic theory of rubber [65]. In segregated shape memory polyurethanes (SMPUs), the sharpness of the glass transition is dependent on the degree of phase mixing; an increase in phase mixing normally results in the broadening of a glass transition. Factors that control the degree of phase separation include copolymer composition, block length (molecular weight), crystallinity of segments, synthesis conditions and thermal history [66,67,68].



One fundamental prerequisite of SM behavior is the successful application of shape programming, during which the flexible switching segments of an SMP are elongated along the deformation direction before the stretched polymer is fixed under stress in its temporary shape through crystallization or vitrification. At the molecular level, staying above the shape fixing temperature would lead to relaxation of an applied strain, if the polymer is unloaded at that temperature, due to structural recoil of the switching segments as soon as stress is released according to normal rubber elasticity [23]. When activated after programming, either strain or stress recovery results from the relaxation of temporarily “fixed” polymer chains, which can be ascribed to the phenomenon of entropy elasticity. Thus, the polymer restores its random coil conformation [69]. As consistent with Flory’s theory [70], the primary driving force for the SM effect is the low conformational entropy states created and frozen during shape programming [71]; it is energetically favorable for the polymer chains to finally return to their most disordered conformation [13].




2.2. Examples


The list of polymers with SM properties is continuously growing; it includes physically [72,73,74,75,76,77,78] and chemically [79,80,81] cross-linked SMPUs, trans-polyisoprene-based SMPU [82,83], poly(ether ester)s like poly(ethylene oxide)/poly(ethylene terephthalate) copolymers [84,85,86], norbornyl/polyhedral oligomeric silsesquioxane (POSS) copolymers [87,88], poly(methylene-1,3-cyclopentane) and its copolymer with polyethylene [89], styrene/butadiene copolymers [90], thiol-ene/acrylate copolymers [91], polynorbornene [90], polymer networks prepared from poly(ε-caprolactone) (PCL) dimethacrylates [92,93], acrylate-based SMPs [94], (meth)acrylate networks [95,96], cross-linked polyethylene [97], epoxy-based polymers [98,99,100,101] and many others. Moreover, various polymer blends like SMPU/phenoxy resin [102], SMPU/polyvinylchloride (PVC) [103] and several others [104,105,106,107,108,109] have received attention. Inspired by the potential to combine blending and post cross-linking, scientists developed SMPs with interpenetrating polymer network (IPN) structures [110]. Extensive overviews on SMP research have been given by Lendlein and Kelch [7], Liu et al. [10], Ratna and Karger-Kocsis [11], Rousseau [12], Meng and Hu [43] and Mather et al. [13]. In these works, the different types of SMPs were classified according to their chemical architecture, the type of transition temperature (Tg/Tm) and the associated shape recovering mechanism, and the type of cross-linking (chemically/physically). Beyond this, the relevant structure-property relationships were summarized.




2.3. Applications


According to any envisioned application, requirements like polymer structure and morphology have to be adapted and combined with additional processing and programming technology [7]. Due to their unique characteristics and great potential, SMPs have been considered for various applications [111], including morphing aircraft [112,113,114,115,116,117], clothing manufacturing [118,119,120,121,122,123], adhesives [124,125], water-vapor permeability materials [126,127], mandrels [128,129,130], self-deployable structures [131,132,133,134,135], end-of-life cycle applications [136,137,138], structural repair, additives for cementitious materials [139], artificial muscles [140,141], micron-sized actuators [142], Braille paper [111], adhesives [143,144], pharmaceutical applications [145], orthodontic applications [146,147], medical treatment [147,148,149] and eye-glass frames [150]. However, the realization of novel concepts requires in-depth knowledge of shape programming and the optimization of shape recovery behavior according to operational demands. Apart from the employed trigger method (Section 1) the polymer’s response time, for instance, plays a crucial role. It is restricted by several factors, e.g., the trigger mechanism, the SMP’s thermal conductivity, transition temperature and its dimensioning. Beyond this, the understanding and alleviation of degradation phenomena, which may significantly alter an SMP’s thermo-mechanical behavior, is a prerequisite for the successful implementation of this promising technology.





3. Functional Determinants


3.1. Structure and morphology as functional determinants


The SM effect in polymers originates from the existence of a thermally “reversible” phase transition, e.g., from glassy to rubbery state, and from distinct phase separation among hard and soft segments due to the incompatible nature of each segment [151]. As known from thermoplastic block copolymers like SMPUs, such interactions among hard segments, like hydrogen bonding, dipole-dipole and induced dipole-dipole interactions, have a significant impact on the phase separation of hard and soft segments, same as the ratio of crystalline to amorphous domains and presumably the size distribution of crystallites. In terms of SM properties, shape retention is known to derive from the interaction between hard segments, which form well dispersed domains (frozen phase) within the soft segment matrix. The latter is the reversible phase and accounts for the material’s shape recovery behavior due to the reversibility of phase transition [152]. The synthesis route (e.g., the ratio of hard to soft segments) and the polymerization procedure directly impact SM properties and the polymer’s crystallinity with respect to domain size distribution, ordering, grain size and symmetry [73,74,153]. Hereafter, some notable developments in the area of SMPUs are reviewed. In particular, recent attempts that seek to understand structure-property relationships and aim at characterizing morphological influences are highlighted.



For a deeper understanding of the microphase morphology of (PCL/1,4-butanediol (BDO)/hexamethylenediisocyanate (HDI))-based SMPU, D’hollander et al. [154] utilized solid-state proton wide-line nuclear magnetic resonance (NMR) relaxometry, combined with synchrotron small-angle (SAXS) and wide angle (WAXD) X-ray scattering. The authors found a conversion from dispersed, randomly placed hard segment domains into progressively more periodic and interconnected hard segment nanophases with increasing hard segment content from 12 to 35 wt% and that higher cooling rates favored the formation of finer phase morphologies.



Cho et al. [151] took advantage of pentaerythritol as a four-way cross-linker for SMPU block copolymers. For the investigated (polytetramethylene glycol (PTMG)/4,4’-methylene bis(phenylisocyanate) (MDI))-based SMP, it was shown that the chemical cross-linking of hard segments through pentaerythritol, using different cross-linker contents of 2, 4 and 6 wt% at hard segment contents of 25 and 30 wt%, respectively, gives best SM properties at hard segment contents of 25 wt% and the highest cross-linker contents chosen. Here, shape fixity ratios of 91% and shape recovery ratios of 94% were held after the third thermo-mechanical cycle for maximum strains of εm = 100%. Interestingly, the increase in hard segment content by 5 wt%, while simultaneously keeping the cross-linker content constant, favored drops in shape fixity close to 50% and in shape recoverability to 70%. This finding illustrates that the identification of the optimum hard to soft segment ratio and cross-linker content is of major importance to maximize the SM properties of a polymer. The difficulty is mostly due to the fact, that there is no linear relationship between the mentioned parameters. Studying semicrystalline thermoplastic (PCL/MDI/BDO)-based SMP with varying soft segment length (1,600–7,000) and hard segment content (7.8–27%), Li et al. [74] discovered that specimens with short soft segment length (low number average molecular weight of 1,600) and high hard segment content of 37 wt% exhibited extremely weak shape recovery ratios close to 20%, whereas specimens with much higher soft segment molecular weight of 7,000 and lower hard segment content of 19 wt% displayed shape recoverabilities close to 100%. The authors also reported that when hard segment contents fell below a critical barrier of 10 wt%, the hard segment domains were no longer able to serve their function as physical cross-links at temperatures above the melting temperature of PCL. Further insights on the functional determinants came from Kim et al. [155], who conducted a systematic study on the effect of soft segment content and its molecular weight on PU ionomers and the corresponding non-ionomers. They demonstrated for (PCL/MDI/BDO/dimethylolpropionic acid (DMPA))-based SMP that phase separation was enforced through the introduction of additional intermolecular interactions within hard domains, which had the effect to increase hard domain cohesions and in addition storage moduli, both in the glassy and rubbery state. In conjunction, the ionomer gave better shape recoverability compared to the non-ionomer, as mainly associated with the increase in rubbery state modulus of the ionomer. Similar polymer systems were studied by Jeong et al. [156], whose results revealed a reduction in functional fatigue through the incorporation of ionic moieties into hard segments. Aside from the advantageous cyclic thermo-mechanical properties, the additional benefit, which can derive from SMPU ionomers, is antibacterial activity [157,158].



Chen et al. [159] focussed on the modification of phase separation between hard and soft segments in poly(1,4-butylene adipate) glycol (PBAG)-based and poly(hexamethylene adipate) glycol (PHAG)-based SMP. For this purpose, the low-molecular-weight lubricant 1-octadecanol (ODO) was added in the manufacturing process to end-cap PU chains via a urethane reaction between isocyanate-capped PU prepolymers and hydroxyl groups of ODO. In another approach, liquid paraffin (LP) was used as outer lubricant. The unveiled concept turned out to be successful, since the promotion of phase separation through the lubricants was indicated and SM properties could be improved. Most strikingly, a clear enhancement in shape fixity from 85 to 100% for specimens containing 0.3 wt% ODO could be detected. It was also found that the strain recovery temperature increased by more than 6 °C for systems containing 0.6 wt% of ODO and by 4.5 °C for those with 5 wt% of LP.



Cao and Liu [160] followed the approach of soft segmental SMPU hyperbranching. Hyperbranched polymers are a special type of dendritic polymers with densely branched structures and a large number of reactive groups. The associated monomers with mixed reactivities, commonly denoted A2B or A3B, resemble each other in both end-group functionalities and molecular weights and align through polymerization, thus giving branched structures with exponential growth [161,162]. In the given case, the hard to soft segment relationship in (Boltorn®H30/PBAG/MDI)-based SMP (Ttrans = Tm) was dominated by a general trend of decreasing soft segment crystallinity with increasing hard segment content. Almost complete shape recoverabilities of 96 to 98% and thus the best SM properties could be witnessed for hard segment contents of 15–35%. Here, the shape fixity ratio decreased from 94 to about 90% with increasing hard segment content, which was explained by an increase in polymer rigidity. The SM effect was triggered in an oil bath with a hot stage on programmed specimens (εm = 300%). In an A2 + B3 approach, Sivakumar and Nasar [163] used PCL/PU oligomers as A2 monomers and trifunctional alcohols as B3 monomers, from which biocompatible, hyperbranched SMPU could be synthesized. It was found that the branching density had no effect on the crystallizability of the investigated hyperbranched polymers, so that the SM characteristics remained nearly unaffected. However, the shape recovery speed could be significantly shortened as substantiated by dynamic mechanical analysis (DMA), which revealed an increase in the storage modulus E’ forhyperbranched SMPU.



In summary, from the abovementioned studies, it can be concluded that gaining a deeper understanding of the main structure-property relationships in SMPs is eminent for the development of new SMPs with superior functional properties and should therefore be a desirable goal in the future.




3.2. Processing and environment as functional determinants


Polymer processing conditions and technique may strongly influence the mechanical and SM properties of a polymer. In principle, SMPs can be formed into an initial, permanent shape by conventional processing methods, e.g., injection molding [164]. Zeng and Zhang [165], for example, studied the effect of varying reaction and curing temperatures on the morphology and mechanical properties of ester-based SMPU. The authors witnessed lower soft segment crystallinity with increasing reaction temperature (from 90 to 100 °C) and curing temperature (>60 °C). In one case, the raise of curing temperature from 18 to 80 °C led to an increase in tensile strength from 6 to 16 MPa and in elongation-at-break from 41 to 822%, suggesting a strong increase in cross-linking density. The given insights were confirmed by similar studies conducted by the same authors [166] on ester-based SMPU blended with chitosan. Although not reported, it is most likely that significant changes in processing go along with the substantial modification of SM properties. In contrast, contributions in the textile area, which is a highly promising field for novel SMP applications [120,122], also focussed on the impairment of SM properties through processing. One nice example was given by Hu et al. [167], who investigated the influence of the processing temperature on the microstructure and thermo-mechanical properties of an SMPU from Mitsubishi Heavy Industries (MHI). In a first step, different SMPU membranes were prepared by solution casting at 70, 120 and 150 °C. The films casted at higher temperatures gave rise to high hard segment crystallinity, more apparent phase separation and better water-vapor permeability. The SM properties were compared in bending tests; the best shape recoverabilities were obtained for samples casted at 120 °C. Taking another step forward, the same group [168] elaborated a concept of SMPU wet spinning. They synthesized a set of (poly(ethylene adipate) glycol (PEAG)/MDI/BDO)-based SMPUs through copolymerization in N,N-dimethylformamide (DMF). The SMPUs were wet spun into fibers and thin films prepared as standard for comparison. It was found that the fibers showed less pronounced shape fixities, but better shape recoverabilities than the films. In general, a clear enhancement in recovery stresses through wet spinning was observed; in one of their examples even an increase from approximately 3.3 to 11.0 MPa. In another work [121], the group focussed on the comparison of wet and melt spinning technologies for SMPU fibers. Compared to wet-spun fibers, the melt-spun fibers had higher tenacity and breaking strains and revealed superior shape fixity and recovery ratios. The results indicated higher phase separation for melt-spun fibers, allowing for better hard and soft segment crystallization, whereas the wet spinning technology seemed to hinder the formation of well-organized hard and soft segments. Accordingly, the authors concluded that the melt spinning method was superior to wet spinning. In a further contribution [169], the group reported on the fabrication of electrospun PCL-based SMPU fibers of ultrafine diameters between 50 and 700 nm. The nanofibers showed good SM properties as evidenced by cyclic tensile tests. In detail, shape recoverabilities of 98% and shape fixities of 80% could be detected. Ultrafine fibers provide unexpected high surface area to volume ratios and are of interest for many applications, ranging from textile to composite reinforcement, sensors, biomaterials and membrane technology [170]. Apart from that, it is worth mentioning that the temperature dependency of water-vapor permeability (WVP) is an important criterion, which has to be taken into account for the effective utilization of polymers in water-proof textiles [171,172]. Jeong et al. [173] discovered that better WVP can be obtained for thermoplastic SMPUs with lower Tg values. The authors successfully employed hydrophilic segments such as DMPA in order to enhance the WVP. The observed increase in WVP was attributed to an improvement of chain mobility when passing the phase transition. In this connection, further extensive studies on physical properties with regard to air permeability, thermal expansion, etc. would be desirable. However, a nice summary of the state-of-the-art in stimuli-responsive polymer research with the focus being on textile applications was given by Hu et al. [123].



Finally, the last functional determinant to be introduced is the “Environment”. To date, literature focuses on the functional study of SMPs in a laboratory environment (thermochamber, water bath, etc.). In this way, the environment, which is used to evaluate SM properties, is equalized with the utilized thermo-mechanical characterization method. Applications for SMPs are diverse and involve deformations like bending, compression and drawing, accordingly there are different testing methods to quantify the SM behavior of a polymer, such as bending tests [174,175,176], fold-deploy tests [135], uniaxial experiments (unconstrained free strain recovery tests, stress recovery tests under full constraint at a fixed strain level [101,177], isothermal uniaxial compression tests [178] and other tests developed for SMP foams [179,180,181,182,183]) and isothermal free strain recovery tests in warm water baths, during which a video camera collects images at a well-defined rate, e.g., at 20 frames-per-second (Figure 1) [184,185]. In some cases, a dynamic mechanical analyzer has been used to evaluate SM properties [88].
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Figure 1. Shape recovery of coiled poly(lactic acid)/poly(vinyl acetate) (30:70) blend upon exposure to a water bath (65 °C). Reprinted with permission from [185]. (© 2003, Society of Plastics Engineers). 






Figure 1. Shape recovery of coiled poly(lactic acid)/poly(vinyl acetate) (30:70) blend upon exposure to a water bath (65 °C). Reprinted with permission from [185]. (© 2003, Society of Plastics Engineers).



[image: Polymers 02 00120 g001]





Commonly, functional performance testing is done by using a tensile testing machine equipped with a thermochamber. Cyclic thermo-mechanical measurements (CTMs) often consist of four distinct steps:

	1

	
Polymer deformation at Thigh > Tg or Tm (Tm = soft segmental melting temperature);




	2

	
Shape fixing at constant strain by cooling to Tlow < Tg or Tc (Tc = soft segmental crystallization temperature);




	3

	
Unloading at a temperature below the shape recovery temperature, e.g., at Tlow < Ttrans with Ttrans = Tg or Tm, in order to determine the amount of fixed strain;




	4

	
Heating above the shape recovery temperature Ttrans in order to either induce strain (free strain recovery without any external constraint) or stress (stress recovery in the presence of fixed strain constraint) recovery responses.









Accordingly, the first three steps involve the programming of an SMP, the last one the specimen recovery. From a series of N CTMs, a data set can be obtained, which allows e.g., to determine the strain fixing ability (shape fixity ratio Rf) and strain recoverability (shape recovery ratio Rr or total shape recovery ratio Rr,tot) of a tested SMP [7], or to quantify the recovery stresses. The recovery behavior is strongly influenced by the amount of stress applied to the polymer and by its thermal expansion behavior [101,186,187].



The cyclic thermo-mechanical behavior of an SMP depends on the polymer’s thermal and visco-elastic properties (e.g., the thermal transition temperatures, broadness of the transitions, expansion behavior, intensity of change in modulus), specimen size, clamping conditions (gauge length and clamping pressure), load cell sensitivity (setting of proportional-integral-derivative parameters) and testing conditions (deformation temperature and rate, maximum strain, temperatures Thigh and Tlow, holding times, heating/cooling rates, number of testing cycles) [71,177,187,188]. Before testing, all these parameters have to be carefully selected in accordance with the material’s mechanical properties. From a polymer testing expert’s viewpoint, the variety of possible settings is both a blessing and a curse. Although detailed settings can be made to meet the optimum testing conditions for an SMP, it becomes more and more difficult to compare different scientific data sets with each other, unless exactly the same way of testing has been chosen.



Some relevant contributions in the field of SMP testing came, inter alia, from researchers around Gall [99], who reported for epoxy-based SMP (Ttrans = Tg) that the choice of deformation temperature, which has also been termed “pre-deformation temperature” [188], influences the SM behavior. Polymers, which were deformed at Td > Tg, revealed an increase in recoverable stress for larger amounts of fixed strain. The same group [71] also observed for acrylate-based SMP (Ttrans = Tg) that lower deformation temperatures (Td < Tg) decrease the temperature required for free strain recovery and favor much higher recovery stresses. This phenomenon is explicable with the fact that polymer chains can relax when deformed at temperatures well above Tg, but not below. Beyond this, it could be observed that the stress recovery paths changed under full strain constraint from sigmoidal to “peak-containing”, when Td was lowered from above to below Tg. Further insights came from Miaudet et al. [189], who reported on the so-called “temperature memory effect” (TME), which means that a stress recovery peak under constrained conditions was observed at that temperature, where a polymer had been initially deformed, as evidenced for composites made from poly(vinyl alcohol) (PVA) and carbon nanotubes (CNTs). In a recently published work from Xie [57], the author revealed that in the broad glass transition region of perfluorosulfonic acid ionomer (in between 55 and 130 °C) the polymer was capable of memorizing Td. Moreover, the author indicated the adjustability of recovery stress just through the proper choice of deformation temperature and reported on the dual-, triple- and quadruple-SM properties of the polymer.





4. SMP Composites


4.1. Review of progress


The low stiffness and strength of SMPs is a limiting factor with respect to their industrial applicability. For this reason, significant attention was placed worldwide on dissimilar reinforcement strategies, leading to the development of various SMP composites. In early works, fillers such as chopped carbon, glass or Kevlar fibers were used to enhance the rubbery moduli of SMPs [190]. Woven fiberglass SMPU composites, for instance, displayed increased ultimate strength (by 50%) and improved Young’s modulus (by almost 400%) towards their non-reinforced analogs [190]. Ohki et al. [191] demonstrated for SMPU (from Diaplex Co., Ltd., a subsidiary of MHI), which was used as matrix for chopped strand glass fibers, that an optimum fiber fraction between 10 and 20 wt% supports very low residual strains during thermo-mechanical cycling. They also reported that an increasing fraction of reinforcement leads to an increase in modulus and in recoverable force, whereas ductility and shape recoverability decrease. The latest progress in research on SMPU composites has been reviewed by Huang et al. [111].



In the following, some further elementary steps that could be made in the development of SMP composites are highlighted. Viry et al. [192] employed PVA as SMP matrix material for single walled carbon nanotubes (SWCNTs). The manufactured SMP composites revealed maximum recovery stresses close to 150 MPa when deformed at temperatures that were in the vicinity of Tg = 80 °C of neat PVA, adjacently fixed through cooling under fixed strain and reheated. In a fascinating approach, the authors achieved an alignment of fillers through fiber drawing up to 500% of strain and removal of the polymer by thermal degradation. The remaining porous fibers were comprised of entangled CNTs, held together by van der Waals interactions, and had much better mechanical properties than random assemblies of nanotubes in bucky paper. Xu et al. [193] found that the incorporation of different nanofillers (alumina, silica and clay) into chemically cross-linked polystyrene gives different macroscopic properties, depending on the shape of the utilized nanofillers. As evidenced by both experimental and theoretical analysis, rod-shaped clay nanofillers have a stronger reinforcement influence than spherical nanoparticles such as Al2O3, due to their higher aspect ratio and ability to reinforce a polymer in multiple directions. Jung et al. [194] introduced nanostructured silica particles (Aerosil 200 from Degussa) into amorphous PU by sol-gel reactions. The used particles served as cross-links and reinforcing fillers. The most functionally reliable material, among the investigated PU-silica chemical hybrid formulations, contained 1 wt% of silica and revealed excellent shape fixities and recoverabilities of 99% up to the fourth thermo-mechanical cycle. In another example, Mondal and Hu [195] observed an improvement in shape recoverability from 85%, determined for non-reinforced SMPU, to 92% in the presence of 2.5 wt% multi-walled carbon nanotubes (MWCNTs). Koerner et al. [196] obtained uniform dispersions as proven by scanning electron microscopy (SEM) for 1 to 5 vol% of MWCNTs in Morthane (Ttrans = Tm), which is a thermoplastic SMPU elastomer from Huntsman Polyurethanes. In comparison with neat Morthane, polymer carbon nanotube composites containing 2.9 vol% (5 wt%) MWCNTs exhibited improved shape fixity ratios (from 56 to 70% for εm = 250%) and increased recovery stresses from 0.6 MPa to 1.4 MPa, when passing the soft segmental melting transition. Deka et al. [197] studied Mesua ferrea L. seed oil-based, epoxy-modified hyperbranched PU composites with MWCNTs. The composites with 5, 10 and 20 wt% of epoxy resin revealed shape retentions between 74 and 87%, shape recoverabilities of 90 to 98% and significantly improved tensile strengths towards pristine hyperbranched PU. However, in some cases fillers are prone to have negative effects on the shape recoverability of an SMP due to their size and substantially higher stiffness compared to the matrix polymer. At high loading levels, they may even disturb the polymer networks responsible for SM functionality [198]. Razzaq and Frormann [199] have shown that loading an ether-based SMPU from Diaplex Co., Ltd. with 40 wt% AlN particles increases the thermal conductivity from 0.12 to 0.44 W/mK. SEM images revealed that the particles were well dispersed throughout the polymer matrix. The incorporation of 40 wt% AlN slightly increased the weak shape fixity ratio from about 43 to 45%, but lowered the shape recovery ratio by more than 20%. The composite’s response times to heating were shortened upon increasing AlN filler contents. The lowering of transition temperature was confirmed by DSC; Tg fell from 51 to 45 °C. Park et al. [80] also investigated organic-inorganic hybrid PU. Using celite, a natural product composed of silica and alumina, in order to cross-link polymer chains gave materials with much better mechanical properties. Due to cross-linking effects at low celite content of 0.2 wt%, a strong increase in stress-at-break from 3.5 to 19 MPa could be observed. Increasing the celite content to 0.4 wt% even favored an increase in strain-at-break from originally about 880 to 2,470%. In terms of SM properties, the shape fixity ratio and shape recovery ratio improved with increasing celite content, both ratios of the first thermo-mechanical cycle were close to 100% for specimens containing 0.8 wt% celite. A different approach was followed by Zhang et al. [200], who held inclusion complexes of α-cyclodextrin-poly(ethylene glycol) (PEG), which were incorporated into PEG, by solution casting. The α-cyclodextrin-PEG inclusion crystallites served as fixing phase and the PEG crystallites as reversible phase. The SM effect was examined by bending tests; recovery ratios of 97% were obtained for inclusion contents of 60 wt%.



Gall et al. [201] reported an increase in elastic modulus and micro-hardness by a factor of 3, when incorporating 40 wt% nanoparticulate SiC into a commercial thermoset epoxy-based SMP from Composite Technology Development, Inc. The observed phenomena were a direct consequence of the relatively high modulus/hardness of the employed reinforcements, which were well dispersed in the polymer matrix as proven by SEM. It could also be shown that the constrained bending recovery force in the nanocomposites increased by 50% with the addition of 20 wt% SiC. Ohki et al. [202] found an improvement in creep properties (rupture strain and time) and enhancement in resistance to cyclic loading for SMPU from Diaplex Co., Ltd., containing up to 30 wt% of chopped strand glass fibers of 3 mm length. Cao and Jana [203] reported on nanoclay PCL-based SMPU composites, for which good particle dispersion was evidenced by transmission electron microscopy (TEM). In this case, low filler contents of 1 wt% favored an increase in the magnitude of shape recovery stress by 20%. However, the presence of clay particles hindered soft segment crystallization and promoted phase mixing between hard and soft segments. Polymers with higher clay contents displayed more rapid relaxation processes of induced tensile stress, thus limiting the magnitude of shape recovery stress.



In an innovative approach, the electrical resistivity and electromagnetic interference (EMI) shielding effect (SE) of MWCNT/polyester-based SMPU composites was elucidated by Zhang et al. [204]. Apart from a clear tendency of decreasing electrical resistivity with increasing weight fraction of filler in the composites, the study gave stronger EMI SEs of the test materials with the increase in frequency from K band (8–26.5 GHz) over Q band (33–50 GHz) to V band (50–75 GHz). Under the same frequency condition, higher EMI SEs were detected for samples with larger thicknesses of up to 3 mm. At all frequency bands the EMI SEs increased with growing filler contents. For a material with 6.7 wt% filler at a thickness of 3 mm, the value of EMI SE exceeded over 30 dB for all three frequency bands; its maximum value even reached 65 dB. The employed MWCNTs were randomly distributed in the polymer matrix as evidenced by SEM.




4.2. Electrically conductive SMP composites


The demand to identify alternative strategies in order to heat SMPs above their transition temperature directed research to electrical sensitive SMPs filled with carbon nanotubes [34,35,37,205], carbon particles [30,36], conductive fibers [40], Ni powders [47,48], etc. Electrically induced actuation allows the convenient triggering of shape recovery by passing an electrical current through a composite [34,206]. For instance, loading PCL-based SMPU with 5 wt% of functionalized MWCNTs for interfacial bonding between polymer chains and nanotubes enabled Cho et al. [35] to completely recover the shape of their composite within 10 s through the application of a 40 V electrical potential. Another example for electric-field-triggered shape recovery was given by Leng et al. [207]. The application of 25 V to styrene-based SMP, filled with 5 wt% of carbon black and 2 wt% of short carbon fibers, resulted in shape recovery times of 50 s. In a closely related effort, the same group [208] published another study on conducting styrene-based SMP composites. When filled with 10 vol% of homogenously distributed carbon nanopowder, samples revealed good shape recovery performances; within 90 s of Joule heating (30 V), the shape recoverability was estimated to be between 75 and 80%. Sahoo et al. [209] reported on the use of inherently conductive polypyrrole as coating layer for PCL-based SMPU, filled with MWCNTs. In shape recovery tests with bending mode, one specimen containing 20 wt% polypyrrole was able to recover within 25 s between 85 and 90% of its original shape at a constant electric potential of 40 V.



In a different approach, Lu et al. [210] investigated the lowering of electrical resistivity for the commercially available epoxy-based SMP resin Veriflex®E2 through blending carbon nanofibers with the resin and coating carbon nanopaper onto the surface of the composite. Due to the synergistic effects of fibers and paper, heat transfer was facilitated and the electrical resistivity of the SMP composite was 1016 times lower than for pure SMP resin. Nevertheless, the shortest detected shape recoveries took quite long (186 s) and shape recoverabilities were reduced with increasing carbon nanofiber contents, which was explained by the accumulation of interfacial friction effects between the SMP’s macromolecular segments, carbon nanopaper and the blended carbon nanofiber particles.



Leng et al. [48] presented a convenient way to reduce the electrical resistivity of SMPU composites. The authors obtained electrically conductive composites by mixing 0.5 vol% Ni particles and 4–10 vol% carbon black with an SMPU (Ttrans = Tg), which was dissolved in DMF. During volatilization of DMF, a low magnetic field was applied to the polymer/filler solution. As a result, conductive Ni powder chains formed and the electrical conductivity improved (Figure 2). This positive effect was based on the fact that the aligned Ni chains served as conductive channels to bridge small isolated carbon black aggregates.
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Figure 2. Scanning electron microscopy (SEM) images of conductive SMPU containing 10 vol% of carbon black and 0.5 vol% of chained Ni. Inset: Zoom-in view of one Ni chain. Reprinted with permission from [48]. (© 2008, American Institute of Physics). 
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Although the uniform dispersion of fillers in polymer matrices is still challenging, the general concept allows imparting attractive material properties to SMPs. It is a widely held opinion in SMP research that indirect actuation methods may pave the way to new technology platforms.




4.3. Magnetosensitive SMP composites


Another indirect actuation method and alternative to direct heating (the increase of environmental temperature) is the inductive heating of magnetic particles, which are dispersed in an SMP. For this purpose an alternating magnetic field is applied, causing strong particle motion inside the polymer matrix and thus local heating effects. Some recent advances and fundamental insights in this field were given by Lendlein’s group [211,212]. Since magnetically induced actuation allows the triggering of the SM effect in a remote and wireless manner, the technique should be applicable to medical devices.



The prerequisite for magneto-sensitivity in SMP composites is the uniform dispersion of suitable fillers inside the SMP matrix. Successful concepts turned out to be the integration of iron(III)oxide (Fe2O3 nanoparticles with a shell of SiO2 to improve their dispersion within the SMP matrix) or mixed-valence iron(II,III)oxide (Fe3O4 nanoparticles) into thermoplastic SMPs [46], the incorporation of PCL-coated Fe3O4 particles within butyl acrylate networks cross-linked with oligo(ε-caprolactone) dimethacrylate (polymer shells may improve the dispensability of hybrid particles in suitable solvents [213]) [38], the filling of methacrylate-based thermoset SMP networks with Fe3O4 nanoparticles [214] and the integration of nickel zinc ferrite particles into ester-based SMPU from Diaplex Co., Ltd. [45]. Aside from polymer composites with classical dual-shape properties, the non-contact triggering of triple-shape effects in multiphase polymer nanocomposites was successfully made by Kumar et al. [215]. The authors embedded silica coated Fe2O3 nanoparticles in a (PCL/poly(cyclohexyl methacrylate) (PCHMA)) matrix, applied a one or two step shape programming procedure and unveiled triple-shape properties in an alternating magnetic field.



Despite the attractiveness of the non-contact SM triggering method, especially for medical applications such as surgical deployment, major challenges are still the increase in inductive heating efficiency [13,45] (the applied frequencies should not exceed the restrictive window of clinically usable frequencies (50–100 kHz) [216]), and in case of polymers with multi-shape capabilities the tailoring of transition temperatures in a region close to body temperature. If such attempts fail, the development of polymers, which allow combining different actuation methods, applicable in physiological environments, will be a convenient alternative.





5. Solvent Sensitive SMPs


Pioneering works in the area of solvent sensitive SMPs date back to 2004, when Huang’s group [217] reported on the impact of moisture on SMPU specimens (Ttrans = Tg) from MHI. The authors found that programmed specimens were not able to maintain their shape in humid air at 20 °C. The reason behind was the absorption of moisture, which strongly lowered the material’s transition temperature (Figure 3). Since Tg fell below room temperature, shape recovery was initiated. The triggering of the SM effect was thus exclusively due to the plasticizer effect of the absorbed water molecules onto the polymer matrix. This shows that the lowering of transition temperature by diffusion of low molecular weight molecules into polymer bulk is an interesting way to trigger a SM effect, while a polymer’s temperature remains constant.
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Figure 3. Changes in the SMPU’s Tg and weight fraction (WF) of moisture vs. immersion time in water (20 °C). Reprinted with permission from [217] (© 2010, Institute of Physics Publishing). 
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In two closely related publications, the same group extended their investigations to SMPU composites [36,218]. For composites containing carbon nanopowder as filler, much higher resistances towards humidity could be verified; higher contents of fillers even lowered moisture sensitivity. Among the two types of water species investigated, namely bound water (directly attached to the polymer backbone) and free water (clustered water), bound water was observed to strongly lower Tg, whereas the influence of free water on Tg seemed to be negligible. Chen et al. [53] contributed to widen the knowledge through investigating the moisture-sensitivity of SMPU containing pyridine moieties. Similar to the abovementioned works, the authors noted that the uptake of moisture lowered Tg and activated shape recovery on programmed specimens. The documented plasticizing effect of water was explained by the dissociation of hydrogen bonding between the involved pyridine ring and the N–H of the urethane entity. One of their samples was able to recover 95% of strain within 10 min at 32 °C and 80% relative humidity. Auxiliary studies from Du and Zhang [219] revealed that the transition temperature of PVA-based SMP (Ttrans = Tg), chemically cross-linked with different contents of glutaraldehyde, was strongly affected by moisture. Due to the hydrophilic nature of PVA, water was taken up rapidly, so that Tg fell within half an hour from 61 to 29 °C and even decreased further to 25 °C within a total exposure time of 3 h. Following a completely different strategy, Jung et al. [220] realized for (PEG/1,4-phenylene diisocyanate (PDI)/POSS)-based SMPs the induction of moisture sensitivity through dissolution of the PEG soft segment constituent in water, resulting in specimen recovery from a programmed, ring-shaped geometry into an almost linear permanent shape within 5 min at 30 °C or, alternatively, within 10 s at 60 °C.



Although it is unlikely that other solvents than water are present in an SMP’s environment, Lv et al. [52] have proven for commercially available styrene-based SM thermosetting resin that shape recovery can also be triggered through the uptake of DMF. The investigated material displayed a drop in Tg from 70 to 56 °C within 120 min of DMF immersion. Based on these works, Lu et al. [221] studied the effect of the solubility parameter on the recovery behavior of styrene-based SM thermosetting resin. The consideration of the results for specimen immersion in different solvents (ethyl acetate, ethyl formate and DMF) allowed verifying the relationship between the solvent solubility parameter and the rate of decrease in Tg. A clear tendency towards faster Tg decreases, tantamount to shorter recovery times, for solvents with higher solubility parameters was found. The results were in good agreement with the principle of solution theory of polymer physics [222].



In summary, the exploitation of SMP actuation through the diffusion of low molecular weight molecules into polymer bulk has just begun and could prove beneficial for various industries in the future; one important sector could be the medical industry.




6. Aging Effects in SMPs and Their Composites


Decisive criterions for the quality and reliability of SMPs and their composites [223] are the long-term mechanical and functional stability. The history of durability studies on SMPs goes back to 1988, when Shirai and Hayashi [54] reported for the first time on the physical (including SM) and chemical properties of a thermoplastic SMPU. Excellent heat resistance at 70 °C for 500 h and good weatherability even after 300 h of sunshine exposure, were proven by insignificant changes in the elastic modulus of the specimens. Good endurance to repeated loading was demonstrated by constant glass transition temperatures after cycling temperature between 5 and 40 °C, accompanied by regular stress-loading and unloading steps. The chemical resistance of the material was characterized in soaking tests; the material’s volume changed within 5% in gasoline for 100 h at room temperature. Two years later, further results of soaking tests were reported by Hayashi [224]. The experiments revealed that the material’s elongation capability virtually remained the same after the SMPU had been soaked for 24 h at 35 °C in an aqueous solution. At the same time, the tensile strength decreased by 27% and the glass transition temperature was reduced from 55 to 40 °C.



In line with aging processes in other materials, SM properties show aging in functionality and each SMP displays an individual aging behavior. Natural aging tests are representative, because they enable the reproduction of identical exposure conditions. Since such experiments are often time-consuming, accelerated aging tests, in which processes of deterioration are sped-up in the laboratory under fully controllable conditions, are used instead. Nevertheless, it is important to make sure, that no change in degradation mechanism takes place. Aging under drastic conditions allows elucidation of the chemical reactions involved (the degradation mechanism) and the physical consequences thereof in much shorter time frames. Recent investigations on the impact of hydrolysis (up to 68 d at 55 °C [225] and up to 8 d at 80 °C [225,226,227]) on poly(1,4-butylene adipate) (PBA)-based SMPU revealed a strong impairment of the thermo-mechanical properties. In dual-shape testing experiments, specimens were fixed through soft segment crystallization and shape recovery was triggered through soft segment melting. The testing results gave gradual increases in residual strain εp, associated with the amount of unrecoverable strain, and in transition temperature. The shape and total shape recoverabilities of the polymer worsened as a consequence of degradation (Figure 4), which was accompanied by growth in soft segment crystallinity, as indicated by differential scanning calorimetry (DSC), and changes in phase separation.



In an effort to postpone the detected hydrolytic degradation effects, researchers from Bayer MaterialScience AG synthesized a hydrolysis-stabilized, PBA-based SMPU [228]. The concept turned out to be successful; the SMPU’s long-term stability and thus long-term SM functionality improved as evidenced by a retard of the beginning of mechanical and functional impairment through hydrolysis (80 °C) by 44 d and 35 to 45 d, respectively. Hence, the SMPU revealed a 6.5-fold increase in durability towards embrittlement. Continuing cyclic thermo-mechanical measurements were carried out to elucidate the impairment of triple-shape properties of a PBA-based SMPU through hydrolysis (up to 8 d at 80 °C) [229].



In order to evaluate the key performance attributes of SMPs in application environments, Tandon et al. [230] characterized the durability of styrene-based and epoxy-based SMP resin materials (VeriflexTM from Cornerstone Research Group, Inc.) after their exposure to different degradation scenarios, consisting of water conditioning at 25 and 49 °C (4 d), lube oil conditioning at room temperature and 49 °C (24 h) and UV conditioning (exposure to xenon arc at 63 °C for a different number of cycles, each cycle consisted of 102 min irradiation followed by 18 min light/water spray exposure). The good specimen resistance towards the different exposure scenarios was demonstrated by reasonable stress recovery data and excellent shape recoverabilities for styrene-based SMP (N = 1 and 2: close to 100%, including data for 75 UV cycles, but no lube oil data) and for epoxy-based SMP (N = 1:96–100%; N = 2:94–100%, including the data for 125 UV cycles and lube oil data). Styrene-based specimens displayed distinct sensitivity to lube oil as shown by the development of microcracks on their surface. In contrast, no microcracking was observed for epoxy-based SMP. Both types of SMPs developed a slight yellow tint in the course of UV exposure. Overall, epoxy-based SMP displayed superior mechanical properties and was identified as a likely candidate for morphing applications. Beyond this, continuing research needs were indicated for durability studies on fiber-reinforced SMP resins.



Further systematic studies were conducted by Meents et al. [231] from Cornerstone Research Group, Inc. The authors aimed at investigating the effect of both fresh and salt water (consisting of distilled water with 3.5 wt% NaCl, purity > 99.5%) on the healing performance of an epoxy-based SMP resin as integral part of a vehicle system, capable of autonomously monitoring its structural health. Upon damage identification the polymer was heated above its Tg through an integrated resistive heating element, which initiated the shape recovery process. The data, which exclusively derived from fracture toughness tests, suggested increased healing capability for a 14-day salt water soak vs. a 14-day fresh water soak. The authors speculated that the presence of water and non-water components of the saltwater, which could have remained in the polymer matrix, supported the healing process, hence promoting an increase in chain mobility. Nevertheless, it was expected that under healing conditions (132 °C) most water was driven off. The company intends to determine life cycle and system performance requirements for the implementation into operational marine vehicles in the future.
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Figure 4. Effect of hydrolysis (80 °C) on the cyclic thermo-mechanical properties of PBA-based SMPU (maximum strain εm = 100%). (a) Changes are illustrated in ε–T test protocols, in which arrows are used to point out aging trends regarding Ttrans and εp. (b) Evolution of shape fixity, shape recovery and total shape recovery ratios with cycling against immersion time. Reprinted with permission from [227] (© 2009, Elsevier). 






Figure 4. Effect of hydrolysis (80 °C) on the cyclic thermo-mechanical properties of PBA-based SMPU (maximum strain εm = 100%). (a) Changes are illustrated in ε–T test protocols, in which arrows are used to point out aging trends regarding Ttrans and εp. (b) Evolution of shape fixity, shape recovery and total shape recovery ratios with cycling against immersion time. Reprinted with permission from [227] (© 2009, Elsevier).



[image: Polymers 02 00120 g004]





In the medical sector, only few functional supervision scenarios were reported so far. Zheng et al. [232] studied the effect of in vitro degradation on the SM properties of poly(D,L-lactide) (PDLLA)/β-tricalcium phosphate (β-TCP) composites with weight ratios of 1:1, 2:1 and 3:1. Specimens were immersed in phosphate buffer solution (PBS, pH = 7.4) at 37 °C and analyzed in regular time intervals. The shape recovery behavior of the specimens was determined from bending tests. In the course of degradation, the stress recovery ratios decreased within 56 d from about 98% to values in between 56 and 67%. This effect may be associated with the cleavage of PDLLA chains and changes in the crystal phases of β-TCP. In another comprehensive study, Yu et al. [233] investigated the in vitro degradation behavior of SM nanocomposites consisting of cross-linked PCL and Fe3O4 nanoparticles. Due to degradation at 37 °C in PBS, their specimens revealed progressively weaker shape recoverabilities in static tensile tests with increasing filler fractions. For example, the shape recovery ratio of samples containing 15 wt% Fe3O4 decreased from 75% before degradation to 20% in the 12th week. At the same time, the shape recovery ratio dropped by about 35% for samples loaded with 5 wt% Fe3O4 and by about 25% for pristine material. It can be envisioned that a detailed investigation of enzymatic or hydrolytic degradation processes will become important in the medical field with the realization of innovative SMP concepts like removable implants or controllable drug release systems. In this connection it may be of interest to find out, in which time interval an SMP is able to reliably carry out predetermined shape changes inside a human body.



Another recent contribution was made by Zhang et al. [234]. The authors used Co-60 gamma rays to investigate the influence of irradiation on styrene-based SMP with Ttrans = Tg. At a dose of 1 × 104 Gy, they witnessed a decrease in gel content from 35 to 30%, a reduction in tensile strength by −17% and a decrease in the DMA’s tan δ peak associated with Tg from 87 to 82 °C. The shape recovery speed was identified as important functional characteristic and determined at different temperatures every 5 °C from 75 to 95 °C. In particular above and at 85 °C, the SMP’s recovery speed was decelerated through irradiation, whereas at 75 and 80 °C it was the other way around. At 75 °C, for instance, irradiated SMP took 60 s to recover and pristine SMP 90 s. The discrepancy was explained by the fact that the polymer’s Tg was lowered through irradiation, which increased the mobility of polymer chains at lower temperatures. Irradiation with Co-60 gamma rays is commonly used to sterilize medical equipment, but was not mentioned in this context by the authors. In order to be able to better assess the given results, it would be worth comparing them with the ones of those polymers, whose replacement is potentially considered.



Up to now, relatively little emphasis was placed on improving the thermal stability of SMPs. The thermal stability of polymers can be easily monitored by thermogravimetric analysis. Thermoplastic SMPUs undergo thermal degradation first via decomposition of urethane bonds before soft segments start to decompose [235,236]. The thermal stability of magnetite filled SMPU composites was investigated by Razzaq et al. [237]. The authors found that the fillers slightly increased the thermal stability towards the first decomposition step and explained the phenomenon by the higher thermal conductivity of the magnetite, which may favor better heat absorption, so that polyurethane chains start degrading at higher temperatures. Jana and Cho [238] investigated the thermal stability of PCL-based SMPU composites with different interfacial interactions, as obtainable through the proper choice of non-functionalized and functionalized MWCNTs. Higher thermal stabilities, e.g., higher activation energies at 10% degradation, were achieved for SMPUs with attached MWCNTs, which seemed to enable a better dispersion of the fillers in the polymer matrix. Looking for SMPs, which combine reasonable shape recoverabilities with good thermal stability, Jeon et al. [88] studied the SM properties of two different types of POSS hybrid copolymers, both containing 50 wt% POSS in a polynorbornene matrix (Ttrans = Tg). Due to the presence of the fillers, Tg increased from 57 to 66 °C, when cyclopentyl (Cp) corner groups were chosen, and to 73 °C in case of cyclohexyl (Cy) corner groups. TEM measurements unveiled that the POSS macromers aggregated to form cylindrical domains. To minimize stress relaxation and achieve good shape fixity, the studied films were quenched in liquid nitrogen after they were stretched in a water bath to εm = 300% at T = Tg + 15 °C. Although the presence of POSS molecules and their aggregates influenced the relaxation of polynorbornene chains, counteracting the recovery process and thus decreasing shape recoverabilities (from 92% for PN homopolymer to 84% for CpPN and 70% for CyPN, respectively), the advantage of such systems lies in their superior thermal stability.




7. Cycle Life of SMPs and Their Composites


The life cycle perspectives of an SMP can be estimated by running a large number of consecutive thermo-mechanical cycles, during which the durability of SM properties is followed. Interestingly, attention in literature was mainly directed to dual-shape polymers with “one-way” SM. Lin and Chen [174] reported on the cycle life of polyether-based SMPUs, which was examined by bending tests. One of their formulations revealed a small loss in shape recoverability by about 4% after running 200 SM cycles. Ohki et al. [191] investigated glass fiber reinforced SMPU composites and defined the “stress keeping ratio” as ratio of stress comparing the recovery stress in the Nth cycle with that one of the first cycle. The measurement data for up to 60 consecutive cycles, generated from static tensile tests, revealed that the “stress keeping ratio” depends both on the weight fraction of the reinforcement and on the number of tested cycles. In the course of cycling, the loss in stress keeping ratio was strongest for bulk specimens and improved with increasing filler contents from 10 to 30 wt%. Xu et al. [79] reported the results of bending tests for Si–O–Si cross-linked organic/inorganic hybrid polyurethanes. They found that repeated cycling in air (N > 50) had no significant impact on the material’s shape fixing abilities and shape recoverabilities, but cycling in water lowered the shape fixing abilities, which presumably is due to the plasticizer effect of water. Recent studies performed by Schmidt et al. [239] aimed at investigating the impairment of SM functionality through fatigue by studying commercially available SMP VeriflexTM. After applying a series of N = 19 thermo-mechanical cycles (εm = 100%), the material displayed a steady decrease in shape recoverability and changed its surface from flat to wavy. In this connection, a surface wavelength of about 195 μm could be detected by optical microscopy (Figure 5).



In another approach, Schmidt et al. [240] also investigated the SM properties of a commercial, totally amorphous cycloaliphatic poly(ether urethane) (Tecoflex® from Lubrizol). The Tg of a mixed phase, which was used as switching phase, was 74 °C and the softening temperature of the hard domains was 120 °C as evidenced by DMA measurements. The results of 50-cycle thermo-mechanical measurements were dependent on the choice of the highest testing temperature. Higher maximum strains in the order 100, 200, 400 and 600% favored throughout lower shape recoverabilities at 90 °C; whereas at 80 °C a virtually opposite trend was indicated. In all cases, 15 °C was selected as low temperature.



To validate the cyclic repeatability and durability of PCL-based SMPU containing MWCNTs as conductive ingredients, Goo et al. [39] used a cyclic testing procedure, in which each cycle consisted of thermo-mechanical shape fixing, followed by triggering shape recovery through Joule heating. For this purpose, an electrical current of about 10 mA was applied. They found that specimen cycle life was dependent on the deformation conditions (maximum strain and temperature). For strains of 60%, a maximum of 420 cycles could be run at 30 °C, higher strains of 100% allowed 150 cycles to be run, whereas 120 cycles could be run at 60% strain and 40 °C. The authors concluded that higher actuation temperatures induce property degradation as a result of the rapid movements of molecular chains.
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Figure 5. Surface features of an SMP VeriflexTM specimen as observed by optical microscopy. (a) Flat reflecting surface of pristine material with few scratches. (b) Wavy surface features after running 19 thermo-mechanical cycles. Reprinted with permission from [239]. (© 2008, Wiley-VCH Verlag GmbH & Co. KGaA). 
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The given cycle life studies can be considered as a valuable basis for future characterizations of SMPs. For instance, reversible actuation is a vital factor in terms of the acceptance of SMPs in actuator applications, illustrating strong need for further research in this field.




8. SMPs Intended for Use in Medical Applications


One major research trend is the development of SMPs for medical applications. When considered as implant material, which e.g., can be inserted into a human body through a minimal invasive incision, application requirements for SMPs can be complex. SMPs must fulfill a series of characteristics such as biocompatibility and low cytotoxicity [149,241,242]. Beyond this, additional requirements can be hydrolytic degradability, specific SM functionality (e.g., a switching temperature close to body temperature) and homogeneous degradation properties [243]. Biodegradable SMPs with controllable degradation behavior provide interesting advantages over other implant materials, because much of today’s follow-on surgery in removing the implants can thus be avoided. With this concept in mind, biodegradable SMPs based on poly(DL-lactide) and PCL [78,148,244,245,246,247,248,249], blends based on poly(L-lactide-co-ε-caprolactone) and poly(L-lactide-co-glycolide) [250], SMPs based on bile acids [251,252] and many others [253,254,255,256,257] have been synthesized. Recent research trends regarding medical applications of SMPs have been summarized by Sokolowski et al. [149], Mather et al. [13], Small et al. [258] and Lendlein et al. [259]. To the envisioned technologies belong biodegradable sutures [148], drug carriers and delivery systems [212,260], tissue engineering scaffolds [261], dialysis needle adapters [262], annuloplasty rings [263], bone fillers [264], bone fracture fixation devices [265], micro-actuators to remove blood vessel clots [29], catheters and stents [71,246,266,267] and self-deploying neuronal electrodes [268]. Recent progresses in miniaturization of SMP devices seem to point the way towards future surgery inside living cells [142,269]. As noted about three years ago by Dietsch and Tong [9], the majority of SMP patents lie in the medical sector. Major progress in this field is expected with the transfer of appropriate SMPs into clinical evaluation schemes.




9. SMP Foams


An example that illustrated the tremendous potential of SM technology is foams. The first patent on PU foam was issued in 1966 [270]. The altering of the relative foam density allows for an optimized trade-off between weight and mechanical properties. For this reason, SMP foaming is an important means to tailor material properties for application requirements [271,272]. The main advantage of this technology is that structures, when compressed and stored below a transition temperature, are a small fraction of their original size. Compressed SMP in open cellular (foam) structures can be used to erect structures that have various shapes and sizes, spanning from biomedical uses [241,273,274,275] like embolic sponges to morphing wings on advanced airframes [276]. Recognizing the importance of such self-deployable structures and their long-term storage capacities with respect to strain and stress, Huang and co-workers [277] investigated the material properties of compressed cold hibernated elastic memory (CHEM) polyurethane foam (Ttrans = Tg) from MHI. The analysis of the effect of cold hibernation at 30 °C on CHEM foam revealed an expansion back to its original shape within approximately four days. The material behavior was attributed to the pretty high storage temperature of the foam, which was selected very close to the transition temperature. Using an appropriate SMPU with a higher Tg or the lowering of storage temperature were suggested by the authors to avoid or reduce the unwanted shape recovery effect. However, an adequate material performance could be achieved by applying a mechanical restraint during hibernation. In this case, complete shape recoverability could be detected even after a hibernation period of two months at 30 °C; beyond, the maximum recoverable stress was dependent on the amount of initially applied strain. Based on these observations, Tobushi et al. [179] studied the influence of shape holding conditions on the shape recoverability of an SMPU foam. The storage of unloaded, compressed specimens at a temperature well below the thermal transition (Tg—60 °C) revealed, that a programmed shape can even be kept for six months, independent of the applied maximum strain. Some fundamental studies focussing on the thermo-mechanical properties of epoxy-based SMP foam were recently published by Di Prima et al. [183,276,278].




10. Impact Testing to Study the Self-Healing Efficiency of SMPs


Polymers are susceptible to damage in the form of cracks, which lead to mechanical degradation. First concepts of self-healing materials were based on micro-capsules [279,280] or hollow glass fibers [281] with encased monomeric fluids, dispersed throughout a matrix material. During crack propagation, the dispersed capsules or fibers burst or fracture and release the fluid into the cracked region, where a catalyst initiates an in situ polymerization reaction, which finally patches a crack. SMP foams have been identified as useful alternative to the described single-use systems, since they are able to repeatedly heal matrix crackings, created e.g., by environmental effects. The reason behind is that an SMP is able to recover several times from its temporary, compression-programmed [181] into its permanent shape, thus repairing internal damages. In order to verify the huge potential of this technology, extensive studies were published. In their recent discovery, Li and John [282] could show that SMP-based syntactic foam was able to heal impact damage repeatedly, efficiently and almost autonomously through a confined shape recovery process. The studied foam, which was composed of polystyrene-based SMP, glass microballoon and MWCNTs, was subjected to several impact-healing cycles. Each cycles consisted of heating above Tg = 62 °C, a 24 h application of constant compressive stress (0.05 MPa), two 3 h post-curing steps, slow cooling to room temperature and specimen unloading. After each shape fixing process the material was subjected to impact testing at room temperature and then healed through shape recovery. The excellent polymer performance was proven in seven impact-healing cycles through the ability to repeatedly heal the impact damages; microcracks could be reduced in length and microcrack openings were narrowed as a result of healing.



Nji et al. [150] reported on the impact tolerance and self-healing efficiency of a 3D woven fabric reinforced syntactic foam (SMP VeriflexTM). For impact testing, a drop tower testing system equipped with a hammer of constant weight was used at two different velocities (3 and 3.5 m × s−1), resulting in impact energies of 32 and 42 J, respectively. The performance of specimens, which were allowed to heal after impact with those which were not healed, revealed a decrease in healing efficiency with cycling and increasing impact load. At lower impact energies of 32 J at a peak impact load of 5.9 kN, the impact damages could be fully healed up to the fifth impact-healing cycle and specimens were perforated at the ninth impact for non-healed specimens, while healed specimens resisted until the 15th impact. Specimens impacted with 42 J of impact energy at a peak impact load of 6.1 kN, were perforated at the fifth impact, while healed specimens lasted until the seventh impact. The authors concluded that the different specimen behavior was due to an increase in unrecoverable damage as a consequence of growing microballoon crushing and fiber fracture with increasing impact energy. The given findings show that impact testing is a powerful tool to characterize the self-healing efficiency of SMP foams and indicate that the SMP technology is on the verge of entering applications, where self-healing plays a dominant role. Useful strategies may include outdoor concepts, in which long-term stability could be another important evaluation criterion.




11. Concluding Remarks


In this review, some of the main advances and findings in SMP research have been highlighted. SM technology is currently about to experience a revaluation due to the increase in functionality through advancements in synthesis and programming technology. The rising number of envisioned applications for SM materials renders SMP research an interesting field to study and emphasizes the need to introduce novel functional supervision scenarios. Some first promising steps have been made and reviewed. The steadily growing knowledge on SMPs is based on the extension of fundamental understanding of the decisive functional determinants, namely structure, morphology, processing and environment. Even though SMP research progresses rapidly, numerous challenges still remain in SMP development like the increase in recovery force, stiffness and strength, acceleration of recovery time, convenient triggering of SM effects, etc. Among the major challenges, the durability of SMPs is an important facet and should therefore deserve more attention in the future.
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