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MECHANICAL PERFORMANCE OF PLASTICS Introduction and Scope Since 1950 or so revolutionary developments have taken place in synthesis, characterization, structure–property relations, performance, and applications of synthetic polymers. Applications of these materials have permeated all aspects of our daily life, including health, medicine, clothing, transportation, housing, defence, energy, electronics and photonics, information technology, employment, and trade (1). This has been possible because of unique attributes of polymer-based materials including low density, high speciﬁc strength and modulus, high corrosion resistance, full ranges (from very low to very high) of electrical and thermal conductivities, easy and low energy processing into intricate shapes by fast processing techniques (such as injection molding or extrusion), moth and fungus resistance, controlled biodegradability, low permeability of water vapors and other gases, and great aesthetic appeal. One property alone, namely low densities, causes gradual conversion in automotive, aviation, aerospace, and other industries from metal parts to polymer-based parts. On top of the above attributes, polymer materials are generally less expensive than most alternative materials. Mechanical properties are most important in the design and selection of engineering plastics because all applications require necessarily a certain degree of mechanical loading. Consider now polymer-based materials from the point of view of a materials user. A user can be an industrialist who buys truckloads of polymer-based components for his plant, a housewife, a little girl playing with a plastic doll—in fact anybody. The user typically has no interest (and little knowledge) of chemical synthesis of polymers, thermodynamics, polymer processing—in fact of any 334 Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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of the areas of polymer science and engineering. There is only one aspect of interest common to scientists, engineers, and laymen alike—and that is the performance. Since performance involves mechanical properties, there will be necessarily certain overlaps with other articles of this Encyclopedia which in various ways deal with these properties, eg, Elasticity, Rubber-like (qv), Viscoelasticity (qv), Fracture (qv), Fatigue (qv), Impact Resistance (qv), Dynamic Mechanical Analysis (qv), Micromechanical Properties (qv), and Yield and Crazing (qv). The present article focuses on performance and its constituent reliability. Problems in polymer science and engineering can be solved on the basis of information acquired in experiments, by developing models and theories, and also by performing computer simulations. All these three kinds of approaches are useful when dealing with performance and reliability.



Relaxational and Destructive Processes: Chain Relaxation Capability The Importance of Reliability. The reliability of a material or component—not necessarily polymeric—constitutes its most important characteristics. The two questions concerning polymer-based materials that are being asked the most often are (1) Will a material or component serve as much time as I need it, or will it fail prematurely? (2) Is there a material or component with better properties? Although both questions are often asked simultaneously, the second question deals with development of new materials and will be considered in other articles. The ﬁrst question shows that failure is related to prediction of service performance under given service conditions. Chain Relaxation Capability. What is the key factor of deciding whether a material will serve—rather than deform and fracture into pieces? To answer this, we need to remember that polymer-based materials are viscoelastic. The “face” each polymer shows to the observer—elastic, viscous ﬂow, or a combination of both—depends on the rate and duration of force application as well as on the nature of the material and external conditions including the temperature. Later there will be a more detailed discussion of the nature of viscoelasticity. At this point let us stress that properties of viscoelastic materials vary with time—while for elastic materials time plays no role at all. A component in service is “attacked” from the outside, perhaps by an impact (in impact testing we are actually hitting the specimen with a hammer) or else by slow extension (as in tensile testing). In general, forces with various duration, direction(s), and application rate U = U0 − Ub − Ur



(1)



Here U is the energy provided from the outside which at a given time has not yet been spent one way or the other; U b (“b” for bond breaking) at the same time
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has been spent on destructive processes (such as crack formation or propagation); U r at the given time has been dissipated, in other words spent on nondestructive processes. Dissipation in a viscoelastic material is largely related to relaxational processes; the subscript “r” stands for relaxation. The quantities in equation 1 may refer to the material as a whole, but it is usually more convenient to take them as pertaining each to a unit weight of polymer such as 1 g. The question whether the component will survive in fact hinges on U r . The energy U r is related to the chain relaxation capability (CRC) which has been deﬁned (2–4) as the amount of external energy dissipated by relaxation in a unit of time per unit weight of polymer. We shall use the abbreviation CRC for the concept and the symbol U CRC for the respective amount of energy. Thus, at a given time t  Ur =



t



UCRC dt



(2)



0



It takes approximately 1000 times more external energy to break a primary chemical bond (such as a carbon–carbon bond in a carbonic chain, what corresponds to U b and to crack propagation) than to execute a conformational rearrangement. This is the basis of the following key statement (2–4): Relaxational processes have priority in the utilization of external energy. The excess energy, which cannot be dissipated by such processes, goes into destructive processes. In other words, the viscoelastic material will try to relax rather than fracture—as long as it can go on relaxing. Unless there is a high concentration of external energy at a particular location, so that a number of primary chemical bonds will break starting a crack, that energy will be dissipated. In contrast to metals and other nonchain materials, when we pull at a polymeric chain, we gradually engage all segments of it; this by itself lowers the probability of local concentration of the external energy and thus the probability of destruction. We can distinguish at least four constituents of CRC (2–4): (1) Transmission of energy across the chain, producing intensiﬁed vibrations of the segments; (2) Transmission—mainly by entanglements but also by segment motions—of energy from the chain to its neighbors; (3) Conformational rearrangements (such as cis into trans) executed by the chains; (4) Elastic energy storage resulting from bond stretching and angle changes. This last factor is often excluded from considerations even though for a number of processes, it might be quite important. Chain relaxation capability depends strongly on free volume, that is the amount of space in which polymer chain segments can move around and relax. This connection will be explored and used to advantage later on in this article. The concepts deﬁned above will serve to evaluate reliability of polymer-based materials, but ﬁrst methods of experimental determination of mechanical properties and also the responses of materials to deformation should be reviewed (5).
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Quasi-Static Mechanical Testing Types of Applied Stress. Mechanical behavior of polymer-based materials depends on composition, structures, and interactions at molecular and supermolecular levels (5–7). The structures are much dependent on primary chemical (mostly covalent) bonding inside the chains and secondary bonding (dispersion: van der Waals, induction, electrostatic, and hydrogen bonding, the last being the strongest in this category) forces in between chains (8). The composition often includes additives aimed at an improvement of a particular property. When a body is subjected to an applied force F, the resultant stress σ induces a ﬁnite deformation or strain ε within the body. The deformation can be recoverable (elastic) irrecoverable (plastic), gradually partly recoverable (viscoelastic) and can lead to fracture of the body, depending on amplitude of load, rate of deformation, and temperature. The recoverable deformation may be instantaneous, small (energetic elastic in nature due to the bending and stretching of the interatomic bonds of plastic materials), or large (rubbery or entropic, also elastic in nature due to coiling and uncoiling of polymer chains). The irrecoverable or plastic deformation may lead to permanent deformation or may be recoverable after heating the polymeric material above its glass-transition temperature T g . The viscoelastic deformation is generally a function of temperature T since it depends on free volume vf (much more of which is discussed later). Simple fracture is the separation of the body into two or more parts in response to an imposed stress that can be acting slowly (for instance the gravitational ﬁeld of the earth), rapidly (impact), or anything in between. The applied stress may be tensile, compressive, shear, hydrostatic, or torsional (see Fig. 1). Two fracture models are possible, ductile and brittle. In ductile materials fracture is preceded by substantial plastic deformation with high energy absorption. By contrast, there is normally little or no plastic deformation and low energy absorption accompanying a brittle fracture. The ductility is a function of temperature of the material, the strain rate, and the stress state. Depending on these factors, a material considered ductile material may actually fail in a brittle manner.



Fig. 1. Typical modes of stress application to polymeric materials: (a) Tension, (b) Compression, (c) Shear, (d) Hydrostatic pressure.
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Fig. 2. A stress–strain curve in tension typical for engineering plastics.



Stress–Strain Behavior. The determination of stress–strain behavior in tension is one of the most important test methods for mechanical properties of engineering plastics and is of high importance to the design engineer (see ENGINEERING THERMOPLASTICS, OVERVIEW). The tensile test is usually performed by monitoring the force that develops as the sample is elongated at a constant rate of extension. An often encountered stress–strain curve of a plastics material at equilibrium with any environment can be represented as depicted in Figure 2. The behavior seen in Figure 2, typical as it is, is by no means the only one. A hard and brittle material such as a phenolic resins (qv) is characterized by a high modulus of elasticity, no well-deﬁned yield point, and low strain at break (Fig. 3a). It may not yield before break. A hard and strong material is characterized by a high modulus, high yield stress, and high strength with low strain at break, such as a polyoxymethylene (Fig. 3b). A hard and tough material such as polycarbonate (qv) is characterized by high modulus, high yield stress, and high elongation at break (Fig. 3c). A soft but tough material such as polyethylene (PE) exhibits low modulus and low yield stress with very high elongation at break (Fig. 3d) (see ETHYLENE POLYMERS, HDPE; ETHYLENE POLYMERS, LDPE; ETHYLENE POLYMERS, LLDPE). A soft and weak material, such as polytetraﬂuoroethelene (PTFE, Teﬂon) is characterized by low modulus and low yield stress with moderate elongation at break (see PERFLUORINATED POLYMERS, POLYTETRAFLUOROETHYLENE). The area under stress–strain curve is proportional to the energy required to break and is a measure of the toughness of the material. Typical engineering plastics exhibit curves characteristic of hard and strong or hard and tough materials.
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Fig. 3. Tensile stress–strain curves for several categories of plastics.



Elastic Modulae. The mechanical behavior is in general terms concerned with the deformation that occurs under loading. Generalized equations that relate stress to strain are called constitutive relations. The simplest form of such a relation is Hooke’s Law which relates the stress s to the strain e for uniaxial deformation of the ideal elastic isotropic solid: σ =E ε



(3)



E is the Young’s modulus and is clearly a measure of resistance of the material to deformation; the reciprocal of the modulus D = 1/E is called compliance. In reality, the mechanical behavior of polymeric solids deviates from equation 3. The following factors are at play: (1) Only at very small deformations the stress is exactly proportional to the strain and Hooke’s Law is obeyed. In general, the constitutive equations are nonlinear. Unlike metals, polymers can recover from strains beyond the proportional limit without any permanent deviations. (2) The loading rate and time affect the deformations in polymeric solids. As already pointed out, viscoelastic materials show simultaneously the “face” of an elastic solid and that of a ﬂowing viscous liquid. This implies that the simplest constitutive relation for a polymeric solid should, in general, contain time and frequency as variables in addition to stress and strain. (3) There is incomplete and time-dependent recovery when loads are removed. (4) Polymer-based materials are often anisotropic—as in cases of ﬁlms and synthetic ﬁbers. (5) Temperature and other environmental factors affect the mechanical behavior. Thus, polymers can show all features of a glassy brittle solid, an elastic rubber, or a viscous liquid depending on the temperature and time scale of measurements. At low temperatures or high frequencies, a polymeric
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Fig. 4. Variation of Young s modulus with temperature for amorphous (solid line) and semicrystalline (broken line) polymers.



material may be glass-like with the Young’s modulus of 109 –1010 N/m2 and will break or ﬂow at strains greater than 5%. At high temperatures or low frequencies, the same polymeric material may be rubber-like with a modulus of 106 –107 N/m2 withstanding large extensions (≈100%) without permanent deformation. At still higher temperatures, permanent deformation occurs under load and the material behaves like a highly viscous liquid. In an intermediate temperature or frequency range (glass-transition range), the material is not glassy or rubber-like. Here it shows an intermediate modulus (viscoelastic modulus) and may dissipate a considerable amount of energy on being strained. Figure 4 shows the variation of Young’s modulus with temperature. Note that the diagram pertains to uncross-linked elastomers (=rubbers) since in the cross-linked ones the plateau in the middle part remains also at high temperatures; see next section for more on elastomers. The glass-transition temperature is also highly inﬂuential in semicrystalline plastics where a brittle-tough transition in the solid state can be observed in response to an applied stress. Young’s modulus decreases drastically on traversing the melting temperature T m as melt is formed. The extent of crystallization determines the rate of change of the modulus— providing temperature characteristics both across and within the primary thermal transition. (6) The whole range of the behaviors shown in Figure 5 can be displayed by a single polymer, depending on the temperature and strain rate. The ﬁgure displays the load extension behavior of a single polymer at various temperatures. At the lowest temperature we observe low extensibility followed by brittle behavior (Fig. 5a). Figure 5b shows a distinct yield point (maximum load) with subsequent failure by neck instability. Necking and cold drawing is seen in Figure 5c with orientational hardening and eventual failure in the highly oriented neck at high strain levels exceeding often 300%. Behaviors
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Fig. 5. Stress–strain curves at various temperatures (increasing from a to e): (a) low extensibility followed by brittle fracture at the lowest temperature; (b) localized yielding followed by fracture; (c) necking and cold drawing; (d) homogeneous deformation with indistinct yield; (e) rubber-like behavior.



seen in Figures 5d and 5e are characteristics of rubber elastic response, which is typical for amorphous and low crystalline materials at temperatures just above the glass-transition temperature T g . These deformations are mainly elastic—characterized by low stress and high extensibility— unless there is signiﬁcant stress-induced crystallization during drawing process. (7) Similar curves can be obtained by changing the strain rate rather than temperature (see Fig. 6). The elastic modulus E is only one of four elastic constants or modulae (8). Another one is the Poisson ratio ν deﬁned as ν = − εr /ε



(4)



where εr is the linear strain in the direction perpendicular to the tensile stress σ producing the strain ε along the direction of the force application. ε r has the opposite sign to that of ε, and hence the minus sign is incorporated in the deﬁnition to make ν positive for most materials. On application of a tensile stress on one pair of perpendicular faces of unit cube (Fig. 7a), the cube transforms to the shape seen in Figure 7b. The bulk modulus kb is deﬁned by kb = − V dP/dV = − dP/(dV/V)



(5)



Here V is the volume of material and dP is the hydrostatic pressure applied from all sides. The negative sign has again been introduced to render the modulus positive. The shear modulus G, the last of the four modulae, is deﬁned in terms of the shear strain θ divided by the shear stress σ . Assuming θ to be very small
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Fig. 6. Tensile stress–strain curves up to the yield point at various strain rates.



(see Fig. 7c), we have G = σ/θ



(6)



The linear theory of elasticity provides relationships between the modulae: E = 2G(1 + ν) = 3 kb (1 − 2ν)



(7)



The forces involved in the elasticity of amorphous polymers (qv) are not only of the van der Waals (dispersive) type but involve a high proportion of bonded interactions between atoms. The conformations of the polymer chain are “frozen in” so that the forces required in order to stretch bonds, change bond angles, and rotate segments of polymer chain around bonds are very important in determining the elastic properties. These forces are stronger than van der Waals forces and cause higher modulus. Calculation of the modulae of semicrystalline polymers (qv) is fairly tedious and involves several operations: (1) calculation of modulae of amorphous polymers; (2) calculation of the elastic constants of anisotropic crystalline polymers; (3) averaging of elastic constants of the crystalline materials to provide an effective isotropic modulus; (4) the averaging of the isotropic amorphous and crystalline modulae to obtain the overall modulus. Only the second of these steps is accurate, the other are approximate. In a semicrystalline material the chains are constrained because of the crystallization process. The constraints give the material different properties from those of a purely amorphous rubbery polymer. The states of stress and strain
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Fig. 7. The effect of application of tensile stress σ on a unit cube before (a) and after (b); (c) the application of shear stress τ to the unit cube.
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are not homogeneous in a material comprising components with different elastic properties. In the operations just described, the assumption of uniform stress gives results closer to the experiment than does the assumption of uniform strain.



Rubber Elasticity Unlike ordinary plastics, elastomers (also called rubbers) are capable of undergoing very large recoverable deformations under the inﬂuence of very small loads. A typical rubber may be stretched up to 10 times of its original length with essentially no visual or nonrecoverable strain. The rubber-like materials consist of relatively long polymeric chains that have a high degree of ﬂexibility and mobility and are joined into a network structure. That structure leads to solid-like features where chains are prevented from ﬂowing relative to each other under external stresses. The phenomenon is known as rubber elasticity. It is entropy-driven and is endowed with a thermoelastic effect. Rubber elasticity has been discussed by Gedde (9) and in much detail by Mark and his colleagues (10–12) (see ELASTICITY, RUBBER-LIKE). Important facts include (1) A stretched rubber sample subjected to uniaxial load contracts reversibly on heating. (2) The rubber sample gives out heat reversibly when stretched. (3) The elastic forces are due to changes in conformational entropy. The longchain molecules are stretched out to statistically less favorable states. The instantaneous deformation occurring in rubbers is due to high segmental mobility and thus results in rapid changes in chain conformation of the molecules. The energy barriers between different conformational states must be therefore small compared to the thermal energy. The above features of rubbery materials have long been known. The quantitative measurements of mechanical and thermodynamic properties of natural and other elastomers go back to 1805 and some of the studies were conducted by luminaries like Joule and Maxwell. The ﬁrst molecular theory in polymer science dealt with the rubber elasticity (9–12). The ﬁrst rubbery material discovered was natural rubber obtained from latex of the tree called Hevea brasiliensis. At this writing we have quite a variety of synthetic rubber or synthetic elastomers. The double bonds in natural rubber are all in cis conﬁguration; a change in molecular conformation corresponding to a rotation around any of three single bonds per repeat unit requires very little energy. There are many single bonds in the backbone and there are no stiffening groups such as ring structures and bulky side chains. Another important feature is that the glass-transition temperatures T g for all these materials are low and below the room temperature; hence they are in the rubbery state at ambient temperatures. Elastomers typically have low melting temperatures but some of them do undergo crystallization upon sufﬁciently large deformations. Examples of typical elastomers include natural rubber, butyl rubber, poly(dimethyl siloxane), polyethyl acrylate, styrene–butadiene copolymer, and ethylene–propylene copolymer. Some polymers are not elastomers under normal
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conditions but can be made so by raising the temperature or adding plasticizers (qv). Quantitative statistical theories of rubber elasticity are based on the premise that contributions to the elasticity from to changes in the internal energy on stretching are negligible compared with the contributions due to changes in entropy (9–12). (see STATISTICAL THERMODYNAMICS). Essentially, the aim of the statistical theory is the calculation of the change in entropy when a rubber is deformed. By relating the change of entropy to the work done, strain energy function can be derived for isothermal stretching. Currently, one typically assumes that the network consists of phantom Gaussian chains, that all network changes are entropic, that the volume remains constant, and that one needs to take into account interchain interactions. In the phantom network theory, the positions of junctions are allowed to ﬂuctuate about the mean positions prescribed by the afﬁne deformation ratio. One ﬁnds that the modulus is proportional to the absolute temperature and also increases with increasing cross-link density. The network theory gives a good representation of the experimental results only for moderate strains (ε < 1.5). For larger extensions, the theory overpredicts the stress because the conformational states are no longer adequately represented by the Gaussian distribution. At still higher extensions (ε > 6), the observed stress rapidly rises because of development of strain-induced crystallization [see Fig. 8 (here λ = strain ε)]. The values of Young’s modulus for isotropic glassy and semicrystalline polymers are typically two orders of magnitude lower than those of metals. These materials can be either brittle with fracture at strains of a few percent or ductile leading to large but nonrecoverable deformation. Young’s modulae for elastomers are typically four orders of magnitude smaller than, say, steel—which is how recoverable extensions up to ≈1000% are possible.



Fig. 8. Variation of nominal stress with extension ratio in a cross-linked rubber. —ⵧ— Experimental; ———Theoretical.
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Creep, Stress Relaxation, and Dynamic Mechanical Behavior Viscoelasticity. As already noted, the time-dependent properties of polymer-based materials are due to the phenomenon of viscoelasticity (qv), a combination of solid-like elastic behavior with liquid-like ﬂow behavior. During deformation, equations 3 and 6 above applied to an isotropic, perfectly elastic solid. The work done on such a solid is stored as the energy of deformation; that energy is released completely when the stresses are removed and the original shape is restored. A metal spring approximates this behavior. In contrast, a viscous liquid has no deﬁnite shape and ﬂows irreversibly under the action of external forces; the work done by shearing stress is dissipated as heat. The so-called perfect liquid obeys the law of Newton: σ = η dγ /dt



(8)



where dγ /dt is the rate of change of shear strain with time t; the proportionality factor η is the shear viscosity. A dashpot is quite often used to represent the ideal viscous ﬂow behavior according to equation 8. A dashpot is full of a purely viscous liquid; the plunger moves through the liquid at a rate proportional to the stress. Since by deﬁnition the viscoelastic material in shear exhibits both the behavior governed by equation 6 and than represented by equation 8, the constitutive relation for the linear viscoelastic solid can be written as σ = Gγ + η dγ /dt



(9)



We have to remember that equation 9 applies only at small strains. The linear viscoelastic materials obey the so-called Boltzmann Superposition Principle. As noted by Tschoegl (13), this was the only foray of the Viennese statistical physicist Ludwig Boltzmann into mechanics. The principle states that in linear viscoelasticity effects are simply additive; it matters at which instant an effect is created and it is assumed that each increment of stress makes an independent contribution. Two manifestations of linear viscoelasticity are creep and stress relaxation; the respective two testing methods are known as transient tests. One can also apply sinusoidal load, an increasingly more used method of study of viscoelasticity by dynamic mechanical analysis (qv) (DMA). We shall now brieﬂy discuss each of these three approaches. Creep. Creep is a time-dependent strain increase under a constant stress. As already mentioned, the constant stress can be quite simply provided by a gravitational ﬁeld of the earth. The creep behavior is most often analyzed in terms of the Kelvin–Voigt model in which a spring and a dashpot are parallel. The model is characterized by a constant representing the elastic (modulus) and viscous ﬂow (viscosity) deformations. From the geometry of model, individual strain in each element is equal to total strain and applied stress is supported jointly by the spring and dashpot. In nature viscoelasticity rarely follows the Kelvin–Voigt model. A way out is to make a combination of springs and dashpots so as to describe the observed behavior. Such combined models are convenient for calculations. Needless to say,
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they do not explain anything. The explanation has to be found in the morphology of the phases present and still deeper at the level of chemical structures and interactions between chain segments. Stress Relaxation. The phenomenon of stress relaxation is the timedependent stress decay under a constant strain condition. There exists a simple Maxwell model of the process, which consists of a spring and dashpot in series. If a ﬁxed strain is applied, the spring is immediately extended and a stress is produced in it. The dashpot begins to be displaced. The strain and stress in the spring thus decay to zero as dashpot is displaced at decreasing rate until the displacement becomes equal to the original strain of the spring. Thus the stress relaxes to zero according to the model. In reality, the stress decays to a constant value called the residual stress (14–16). Moreover, Kubat has discovered a curious phenomenon (14,15): the stress σ vs time t curves for stress relaxation of metals and polymers look practically the same. This in spite of claims by some hardened metallurgists that plastics should not be even called materials and in spite of behavior of some polymer scientists who simply ignore metals and alloys. Kubat has shown that even the slope of the large central descending part is virtually independent of the kind of material. Trying to expain this curious phenomenon, Kubat has assumed that the relaxation occurs in clusters. That is, neither individual atoms in metals nor the polymer segments relax individually, but both kinds of units relax collectively. On the basis of this assumption, Kubat succeeded in developing a general theory of stress relaxation that provides predictions agreeing precisely with experiments (16). Every theory makes certain assumptions. Computer simulations of polymers provide us with information inaccessible experimentally (17); the section Fracture Mechanics and Crack Propagation deals more on this subject. The simulations also make possible testing theoretical models. If there is a disagreement between the behavior of a computer-generated material and the prediction, one cannot blame it on errors of the experiment. Molecular dynamics computer simulations have been used to test the basic assumptions of the Kubat theory (18,19). At ﬁrst, the right shape of the stress vs time curve was seen, but the residual stress was seen after 1.5 decades of time; in reality for both metals and polymers it takes 4.3 or so decades of time. The computer-generated materials had no defects; to make the materials more realistic, some 2 or 3 vol% of defects were introduced. Then the stress relaxation curves took more than 4 decades of time—in agreement with the experiment (see Fig. 9). More importantly, the molecular dynamics simulations show that the metal atoms and polymer chain segments rarely relax individually. They relax in clusters—just as Kubat has assumed. This is why it does not matter whether the material is a metal or a polymer. Kubat has also derived an equation for the distribution of cluster sizes (16). Simulations show that his size distribution equation is close to the behavior of computer-simulated materials (20). This is a beautiful example where experiments, theory, and computer simulations all coincide. Dynamic Mechanical Analysis (DMA). Dynamic mechanical analysis (DMA) consists in imposition of a sinusoidal stress at a speciﬁed angular frequency ω and temperature T. In elastic materials strains are in the same phase
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Fig. 9. Computer simulation of stress relaxation; after. ——— Polymer; . . . . . . Metal (15).



as stresses and are related by a unique modulus value. By contrast, in viscoelastic materials there is a strain lag. The more liquid-like the material is, the larger the lag; the more solid-like it is, the smaller the lag. This is why DMA is a technique par excellence to characterize viscoelasticity of polymer-based materials. The experiment can be represented by ε = ε0 exp(iωt)



(10a)



σ = σ0 exp{i(ωt + ∂)}



(10b)
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where ∂ represents the lag. The complex modulus is deﬁned by 







G∗ = σ/ε = (σ0 /ε0 ) exp(i∂) = (σ0 /ε0 )(cos θ + i sin θ ) = G + iG



(11)



Convenient parameters to work with are G and G . The former is called the storage modulus and represents the elastic solid-like contribution to the viscoelastic response of the material. The latter is called the loss modulus and represents the liquid-like response. Some researchers like to work with just one parameter to characterize viscoelastic behavior, either G∗ deﬁned above or the so-called loss factor 







G /G = tan ∂



(12)



We ﬁnd it more convenient to deal with G and G separately. However, when one deals simultaneously with many polymer-based materials then one diagram per material might be sufﬁcient. An example of behavior of a polymer is shown in Figure 10 as a function of the logarithmic angular frquency. Here G is called G1 , G is called G2 , and tan ∂ is also displayed. It can be shown that the energy U dissipated per cycle per unit volume of the material is given by 



U = G ε02



(13)



As more and more polymer-based materials are in use, their viscoelastic characteristics become more and more important. Some industry practitioners are apprehensive of imaginary and complex quantities such as those that appear in equations 10a, 10b and 11. Fortunately, a unique book on DMA (21) is aimed



Fig. 10. DMA characteristics of a polymer. The variations of G , G , and tan ∂ with the logarithmic frequency ω. Explanations in text.
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precisely at the apprehensive practitioners—although it provides a wealth of information for the initiated as well. A much shorter story on the subject also by Menard can be found as a chapter in a collective book (22).



Yield Behavior Yield Stress. For ideal linear viscoelastic material, if the load is removed at any time, the material recovers fully. These conditions are approximately satisﬁed at low stresses for several polymers. The elastic strains occur because of increase in the intermolecular distances, the bond angles, or a small shifting (without destruction) of the ﬂuctuation network linkage points. At a certain stress level called the yield stress, the strain increases without a further increase in the stress. If the material has been strained beyond the yield stress, a nonrecoverable strain remains. Thus the yield point of a material is the highest stress that it can endure without manifesting a permanent strain upon unloading (see YIELD AND CRAZING). The phenomenon of yielding occurs in all materials, including semicrystalline and glassy polymers. Yielding is associated with stress levels necessary to produce the initial permanent strain called the plastic strain. However, as so much in mechanics, also this deﬁnition has been ﬁrst devised for metals. For polymers it is not unique because under some conditions polymers will manifest a strain after unloading which may persist only for a certain period of time. Thus the deﬁnition of what is the permanent strain in polymer-based materials from a practical point of view is arbitrary. For those materials whose stress–strain curves are monotonic, the 0.2% offset method is often used to determine yield stress. A line is constructed parallel to the elastic portion of the stress–strain curve at the offset strain such as 0.002. The stress corresponding to the intersection of this line with the stress–strain curve as it bends over into the plastic region is then deﬁned as the yield strength σ y . When the material exhibits a maximum in the stress–strain curve just beyond the elastic region, in this case the maximum stress is recognized as the yield stress. Most of polymers except for the glass-transition region exhibit a maximum in the stress vs strain curve and it is this maximum stress that is usually referred as the yield point in what follows. At the yield point, molecular chain segments are able to slip past each other and the deformation process occurring either in crystalline or amorphous phase is entirely irreversible and is exempliﬁed by a sharp drop in the stress–strain curve. The lateral sample dimensions are immediately narrowed; this observation has become known as necking and is most often seen in semicrystalline polymers above T g . True stress (load/actual area of cross section at the particular load) rises in vicinity of the necked region, so that further deformation may occur preferentially in the elements of materials close to this point. However, the molecules become highly aligned in the direction of applied stress. Local stiffness increases as a result and a point is reached where the enhanced resistance to deformation in the plastically deformed anisotropic region compensates the simultaneous increase in true stress. The post-yield necking process becomes stable in this way; further deformation results in neck propagation along the waist of the material. This process is called cold drawing; it occurs at a drawing stress often independent of strain level. At the point where the relatively
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compliant and isotropic material has all been highly strained because of formation of chain-extended crystalline morphology during cold drawing, the load rises since the applied deformation is resisted by the uniaxially oriented microstructure of high stiffness. The strength and stiffness properties have been enhanced parallel to the draw direction. The adjacent segments of the parallel chains are generally held only by secondary bond forces giving rise to ﬁbrillization as precursor to eventual fracture when the material in the remaining cross section is unable to support to applied load. The shapes of stress–strain curves for various temperatures are shown in Figure 11. The yield stress decreases with increasing temperature. The segments shift in the process of cold drawing of ﬂow of a glassy polymer under the effect of stress—not because of thermal motion, but because the latter is almost absent in the glassy state. However, there is deﬁnite storage of thermal energy in the polymer even when T < T g . With the elevation of temperature in the region below T g , the storage of energy in the segments grows and a smaller and smaller external mechanical energy is needed to shift the segments and to develop cold



Fig. 11. The tensile stress–strain curves for poly(vinyl chloride) (PVC) at several temperatures.
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ﬂow. Lowering of temperature causes not only an increase in yield stress but also straightening of curve and diminution of yielding. The specimen may fail even before the yield stress is reached. The failure occurs at very low strain such as fraction of 1%. This means that the polymer at low temperatures behave like a brittle one that is not capable of not only highly elastic strains but also of cold ﬂow. After withdrawal of high stresses below T g , the large strains do not disappear. However, if the polymer is then heated above T g , the specimen recovers its original size completely. Thus the deformation of glassy polymers is recoverable. Shear Yielding. In consideration of yielding of polymer-based materials, a major distinction must be made between two different microstructural phenomena, shear yielding and craze yielding. Shear yielding basically involves the shear ﬂow with little or no change in density up to the yield point. Craze yielding or dilatational yielding is highly localized in the form of thin crazes which consist of a very porous ﬁbrillar region. The yielding of solids under multiaxial stresses gives rise to question about the yield criteria. One of the simplest yield criteria was proposed by Tresca already in 1864. It states that yielding occurs when the maximum shear stress exceeds a critical value. In terms of principal stresses we have (23): (σ1 − σ3 )/2 > σy



(14)



Here σ 1 > σ 2 > σ 3 so that σ 1 is the largest principal stress. A negative stress is always smaller than a positive one and σ y is the shear yield point. Since the criterion holds for all possible values of the principal stresses, it also holds for the uniaxial stress ﬁeld. In this case the criterion reduces to (σ1 − σ3 ) > σy



(15)



The Tresca criterion works well for polycrystalline materials. It has been observed that the following criterion proposed by van Mises is somewhat better (23): (σ1 − σ3 )2 + (σ2 − σ3 )2 + (σ3 − σ1 )2 = 2σy



(16)



The differences between the two criteria is usually ≈15%. The Tresca criterion is often used because its form is simpler and because for engineering applications it gives a more conservative prediction for shear failure. Both Tresca and van Mises criteria are not affected by the addition of hydrostatic pressure because that pressure simply adds a constant to each of the principal stresses and the two criteria depend only on the differences between the principal stresses. However, many experiments with multiaxial stresses show that the yield criteria for polymers have to include the hydrostatic component of the stress tensor P, where P = (σ1 + σ2 + σ3 )/3



(17)
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P affects the yield stress as well as the shape of the stress–strain curve. This is reﬂected by the difference between uniaxial tension and compression stress–strain curves; a pure shear curve lies between them. Given limited applicability of earlier equations, Brown and co-workers (23,24) have developed the following equation for uniaxially oriented polymers: B9 (σ2 − σ3 )2 + B10 (σ2 − σ1 + σi )2 + B11 (σ1 − σi + σ2 )2 2 2 2 + 2Lτ23 + 2Mτ32 + 2Nτ12 = (1 − QP)2



(18)



Here σ i is the difference between the yield point in tension and in compression in the direction of orientation. Thus, according to equation 18, eight parameters are required to describe completely the yield stress of a uniaxially oriented polymer. The crystalline regions become more prominent at low temperature relative to amorphous regions and they may permit easy slip at low temperatures probably via a dislocation mechanism. However, there is no evidence of dislocations in semicrystalline polymers. In PTFE the increase in yield point with decreasing crystallinity may be due to grain size effect. As the crystallinity is reduced, the lamella size also decreases. It is most likely that the direction of easy slip is parallel to the chain direction. Since the chains are parallel to the thin dimension of the crystal, it is likely that the lamella thickness should directly affect the yield point at low temperatures—as was observed experimentally (25). Molecular Theories of Yielding. Several models of yielding of amorphous polymers are based on continuum mechanics invoking the concepts of free volume, springs and dashpots, and viscosity. Some of the theories take molecular point of view. Robertson (26,27) assumed chain bending as the fundamental mechanism for yielding. He postulated that the yield point corresponds to the state where the amount of bends produced by the stress were equivalent to the number of bends that occur at T g . In another molecular approach Argon (28) has proposed a theory of yielding for glassy polymers based on the concept that deformation at molecular level consists in the formation of a pair of molecular kinks. The resistance to double kink formation is considered to arise from the elastic interactions between chain molecule and its neighbors, ie, from intermolecular forces. This is in contrast to the Robertson theory, where intramolecular forces are of primary consideration. We need to recall that the intramolecular forces are by several orders of magnitude stronger than the intermolecular ones—except for entanglements which operate as if they were primary chemical bonds. Brown (24,29) proposed a model of homogeneous yielding based on the Mie (Lennard–Jones) interaction potential. According to Brown, there are three types of molecular motions in an amorphous polymer up to shear yield strain: (1) shearons which consist of the motion of molecular segments whose covalent bonds lie in the plane of shear; (2) rotons which are like shearons except that covalent bonds make an angle with the plane of shear; and (3) tubons which require a force parallel to the covalent bond that allows the molecular segments to move along the shear plane.
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The macroscopic yield point is calculated in the Brown model on the basis of cooperative and nearly homogeneous motion of all molecular segments. The value of the yield point is calculated from the friction and shear resistance of each type of molecular motion produced by shearons, rotons, and tubons. Crazing. As noted in the beginning of the Shear Yielding section, shear yielding is different from craze yielding. We need also to note that crazes constitute one source of cracks. Crazes are observed in glassy polymers except thermosets. Originally, it was thought that crazes are just tiny cracks, but this turned out not to be true. We now recognize three kinds of these structures: surface crazes, internal crazes, and crazes at the crack tip. All three kinds consist of elongated voids and ﬁbrils. The ﬁbrils are composed of highly oriented chains and each ﬁbril is oriented approximately at 90◦ to the craze axis. The ﬁbrils span the craze top to bottom, resulting in an internal sponge-like structure (see Yield and Crazing). Extensive studies of crazes and their behavior under loads have been conducted by Kramer and co-workers (30–40). We know from this work that there are two unique regions within the craze: (1) the craze/bulk interface, a thin (10–25 nm) strain-softened polymer layer in which the ﬁbrillation (and thus craze widening) takes place and (2) the craze midrib, a somewhat thicker (50–100 nm wide) layer in the craze center, which forms immediately behind the advancing craze. The relative position of the midrib does not change as the craze widens. By contrast, as the phase boundaries advance, continuously new locally strainsoftened regions are generated, while strain-hardened craze ﬁbrils are left behind. In general, externally provided energy in excess of CRC may be absorbed by crazing, shear yielding, or cracking. Therefore, we need to compare crazing to shear yielding. In the latter, oriented regions are formed at 45◦ angles to the stress. The shear bands are birefringent; in contrast to crazes, no void space is produced. Of course, cracks are the “really dangerous” ones. We talk more about cracks as such in the following section. The crazes are capable of bearing signiﬁcant loads thanks to the ﬁbrils. Therefore, the question arises, under what conditions can crazes transform into cracks? The ﬁbril breakdown must precede crack nucleation. Kramer and his colleagues have established that an important variable governing craze ﬁbril stability is the average number of effectively entangled strands ne that survive the formation of ﬁbril surfaces. Equations for calculating the original number of strands n0 as well as the number ne have been provided by Kramer and Berger (36). It turns out that polymers with ne > 11.0 × 1025 strands/m3 and concomitantly a short entanglement length Ie are ductile and deform by shear yielding. Such materials exhibit strains up to ε = 0.25 or even more prior to macroscopic fracture. Polymers with ne < 4 × 1025 strands/m3 and thus with large Ie are brittle and deform exclusively by crazing. For polymers with intermediate values of ne (and Ie ), competition between shear deformation and crazing is observed. The presence of liquids or vapors in the environment of a polymeric component affects the response to external mechanical forces (24,41). Thus, for instance polyarylate under uniaxial extension exhibits exclusively shear yielding without crazing. However, exposure to organic vapor (methyl ethyl ketone) results in crystallization, embrittlement, and conversion of the response to deformation from shear yielding to crazing (41).
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Fracture Mechanics and Crack Propagation Stress Concentrators and Stress Concentration Factor. Just as all materials, polymer-based materials exhibit structure imperfections of various kinds. They appear already in processing, during handling in transport, as well as in service. Because of the presence of crazes, scratches, cracks, and other imperfections, mechanical properties of real polymeric materials are not as good as they theoretically could be. In this section we deal particularly with stress concentrators such as cracks (which appear although we did not want them) and notches (which are made on purpose to have well-deﬁned cracks). As said, imperfections appear already in processing. We have knit lines: areas in injection-molded parts made of thermoplastics in which, during manufacturing, separate polymer melt ﬂows arise, meet, and melt more or less into one another. Consequences of the presence of knit lines on mechanical properties are discussed by Criens and Mosl´e (42). They also discuss methods of mitigating effects of knit lines on performance. The simplest such method, namely raising the processing temperature, is also a costly one. The deteriorating effects of cracks and notches on material properties are represented by the stress concentration factor Kt = 1 + 2(h/r)1/2



(19)



Here h is the depth (length) of the crack or notch, or one-half of the length of the major axis in an elliptical hole; and r is the radius of curvature at the bottom (tip) of the notch, or at each end of the major axis of an elliptical crack. The name stress concentration factor is very appropriate. Tensile tests were discussed under Quasi-Static Mechanical Testing. Consider again a tensile test with the stress σ applied to the ends of the specimen. The lines of force applied to these ends cannot go through the air; they must go through the material—and therefore around the crack. As a consequence, when the lines meet (or separate, depending on the direction) at the crack tip, that tip is subjected not to the nominal stress σ but to the stress which is K t time larger. Equation 19 is also applicable in everyday life, not only in an industrial plant or a testing laboratory. When one wants to cut a plastic sheet into halves, a small incision in one side of the sheet helps. Such an incision is in fact a notch, and creates the stress concentration deﬁned by equation 19. Stress Intensity Factor. In some applications, a somewhat different measure of the “evil” produced by a crack or notch called the stress intensity factor is in use: KI = α ∗ 1/2 σ h1/2



(20)



K I characterizes the stress distribution ﬁeld near the crack tip. The Roman one, I, refers to the opening or tensile mode of crack extension; α ∗ is a geometric factor appropriate to a particular crack and component shape; the remaining symbols are the same as in equation 19. It is unfortunate that K t and K I have similar symbols, similar names, and are expressed in terms of the same quantities—but we do not propose to ﬁght the existing habits in this article. For an inﬁnite plate in
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plane stress, the geometric factor α ∗ = 1. Plane stress means that the stress along the z-axis perpendicular to the plate surface is almost—although not exactly— equal to zero. For other geometries there exist tabulations of α ∗ values (43). Grifﬁth’s Theory of Fracture. Fracture (qv) of polymers and polymerbased composites is of course a subject on which entire books have been written. General fracture mechanics has been presented fairly succinctly by Pascoe (44). Here we shall quote the most important results. Already in 1921 Grifﬁth (45,46) considered for elastic bodies the question: when will a crack propagate? Starting with basic thermodynamics, he replied: this will happen if the crack growth will lower the overall energy. He considered three contributions to the energy: (1) the potential energy of the external forces which are doing work on the body deforming it; (2) the stored elastic strain energy; and (3) the work done against the cohesive forces as the new crack surfaces are formed. On this basis Grifﬁth derived an equation which in modern notation can be written as σcr = (2E/h)1/2



(21)



σ cr is the stress level at and above which the crack will propagate;  is the surface energy per unit area (corresponds to the last of the three factors just named); E is the elastic modulus; and h is the same as in equations 19 and 20. Thus, if the actual stress imposed σ < σ cr , the material will sustain that stress without the crack growing. The equation is identical for both constant load and constant displacement conditions, and hence it should work also for any intermediate conditions. Equation 21 has been the inspiration for much further work. Pascoe (44) provides a fairly detailed discussion of the Grifﬁth theory. Crack Propagation and Its Prevention. To begin with, there is a need to distinguish rapid crack propagation (RCP) and slow crack propagation (SCP). RCP is a dangerous process; velocities of 100–400 m/s (that is 300–1400 ft/s) have been observed in PE pipes. Since such pipes are being used for distribution of fuel gas within localities, RCP might be accompanied by an explosion of the gas pressurized inside. However, a criterion was developed which allows prediction of whether RCP will occur (47); the criterion is also discussed in Reference 4. Brieﬂy, from the determination of impact strength of the material, that is, the energy absorbed by the material when fracturing under impact, one can predict whether RCP will or will not occur. The criterion is based on CRC concepts; the impact strength is used here as the appropriate measure of the CRC for rapid crack propagation. Slow crack propagation is not limited to fuel plastic pipes, not at all spectacular, and “quiet” and insidious. The crack propagation rate dh/dt might be only, say, 1 mm per month; an observation for, say, 2 weeks after installing a polymeric component in service might not show anything.
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Fig. 12. Crack propagation rate vs the stress intensity factor for Hoechst polyethylenes (48).



Experimentalists customarily present the dh/dt rates as a function of the logarithmic stress intensity factor log K I as deﬁned by equation 20. The problem of relating dh/dt to K I was solved by using the CRC approach (48) in conjunction with the Grifﬁth fracture mechanics including our equation 21. The result is  1 1  log KI = log α ∗ 2 2E + log[1 + (1/βhcr )dh/dt] 2 2



(22)



Here β is a time-independent factor characteristic for a material. In the derivation of the last equation, both the stress level σ and the initial crack length h0 were used (48). However, these quantities canceled out—with the unexpected result that the crack propagation rate is independent of both. The experimental results support equation 22—as shown for instance in Figure 12 for Hoechst PEs studied under tension in water medium at 60◦ C. Each kind of symbol pertains to a different stress level and a different original notch length. We have called SCP “insidious.” The lowest crack propagation rate shown in the ﬁgure is dh/dt = 10 − 8 cm/s; this is only 0.315 cm per year, but the crack does grow. This fact gives us an idea of the usefulness of equation 22. As mentioned, equation 22 was derived on the basis of the CRC concept. The larger is the CRC, the better the material defends itself against external forces. We can write a series of approximate proportionalities (4): CRC ∼ vf ∼ T ∼ ω − 1 ∼ ρ − 1



(23)



where ρ is the mass density and ω is the frequency used in the Dynamic Mechanical Analysis Section. The expression (23) will be discussed more in a later section. Now we see that Figure 12 provides a direct proof of validity of the CRC approach
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Fig. 13. Tensile deformation leading to crack propagation in a two-phase (PLC islands + ﬂexible matrix) polymer (51).



and of the expression 23. The material with the lowest density has necessarily the highest free volume vf and, therefore, the lowest crack propagation rate dh/dt. Computer Simulation of Crack Propagation. A typical experimental procedure for investigating fracture consists in looking at the fracture surface with a scanning electron microscope (SEM) or a transmission electron microscope (TEM) (49,50). This provides us with the morphology at the time of fracture, which is useful information. However, the microscopic techniques do not tell us where and how the crack(s) which eventually led to fracture had started. The whole story from the crack initiation to fracture can be seen in molecular dynamics (MD) computer simulations (51–53). We have already talked about MD simulations of stress relaxation in a previous section. The question to be answered by MD was: where in two-phase materials formed by polymer liquid crystals (PLCs) the cracks start? They could start in the ﬂexible polymer matrix because it is relatively weak, or inside the LC-rich islands which are more brittle, or at the interface from the matrix side, or else at the interface from the island side. An example of the answer is shown in Figure 13 (51). A large crack which is going to cause fracture is formed at the interfaces on the matrix side. The beauty of computer simulations is that we can watch the cracks form and propagate until fracture. Animations of this process are made for added perspicuity. Ductile–Brittle Transition. As seen in expression 23, CRC is also proportional to the temperature T. At low temperatures polymer-based materials are brittle and more prone to crack propagation. There exists the ductile–brittle impact transition temperature below which the material is brittle and above which ductile. A successful method of prediction of that temperature as a function of the stress concentration factor (eq. 19) is described in Reference 3. Crack Healing. Finally, let us mention that crack healing takes place. Experiments of this kind have been conducted by Wool and his collaborators and described in detail (54,55). As Wool says, when two similar pieces of a bulk polymer are brought into contact at a temperature above the glass transition, the interface gradually disappears and mechanical strength develops as the crack—or weld— heals. This takes place in both cracks and welds in spite of the differences between them. Healing is mainly due to the diffusion of chains across the interface. This fact is the origin of a method of crack healing with molecular nails—also discussed by Wool (54,55).



Vol. 10



MECHANICAL PERFORMANCE OF PLASTICS



359



Healing manifests itself not only in mechanics but also in tribology; see Section on Tribology.



Long-Term Service Prediction Free Volume as the Prediction Tool. For obvious reasons, prediction of long-term performance from short-term tests is needed. Such prediction methods exist and are in fact quite powerful. Unfortunately, numerous papers and reports are still based on a false assumption that nothing can be predicted and therefore everything has to be measured. Much information can be obtained from a limited amount of experimental data—and also from computer simulations discussed at various locations in this article. To be able to make long-term predictions, some deﬁnitions are needed. We have already noted that the more the free volume vf , the larger is the maneuvering ability of the chains, and the higher CRC. Using speciﬁc quantities (typically per 1 g), we write v = v∗ + vf



(24)



where v is the total speciﬁc volume and v∗ is the characteristic (incompressible or hard-core) volume. The last two names are based on the qualitative picture of applying an inﬁnitely high pressure so that all free volume is “squeezed out” and only v∗ remains. Some people like to work instead with the reduced volume deﬁned as v¯ = v/v∗ = 1 + vf /v∗



(25)



Equation 24 or 25 is usable only in conjunction with a speciﬁc equation of state of the general form P = P(v, T). We also need two more reduced parameters deﬁned in an analogous way as in equation 25: ¯ = P/P∗ T¯ = T/T ∗ P



(26)



P denotes pressure and T (thermodynamic) temperature; P∗ and T ∗ are, like v∗ , characteristic (hard-core) parameters for a given material. T ∗ constitutes a measure of the strength of interactions in the material. It has been found repeatedly that good results are obtained when using the Hartmann equation of state (56–58): ¯ v5 = T¯ 3/2 − ln v¯ P¯



(27a)



At the atmospheric pressure the term containing P¯ becomes negligible, and we have simply v¯ = exp(T¯ 3/2 )



(27b)
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Evaluation of the necessary characteristic parameters in equation 27a proceeds as follows. One can use the thermomechanical analysis (TMA) in the expansion mode and determine at the atmospheric pressure, the dependence of speciﬁc volume v on temperature T. By ﬁtting the experimental results to equation 27b one obtains the characteristic parameters v∗ and T ∗ . If one performs full P–V–T determination [this can be done with the so-called Gnomix apparatus (59) used also by us to advantage (60)], then one represents experimental results by equation 27a and ﬁnds by a least-squares procedure the parameters P∗ , v∗ , and T ∗ . Time–Temperature Correspondence. The next step consists in using the so-called correspondence principles. The most often used is the principle of time–temperature correspondence advocated and used extensively by Ferry (61). To formulate the correspondence (also called equivalence) principle, consider a conformation rearrangement in the chain so fast that we cannot record it at the room (laboratory) temperature. What we can do is to lower the temperature. At a temperature low enough, the process will be slowed down to the extent that we shall be able to “catch” it. This approach works in the opposite direction as well. Instead of conducting experiments for 100 years at the ambient temperature, we can go to a higher temperature, thus produce higher free volume vf in the material, and “catch” within, say, 10 h the same series of events. This is the basis for the time–temperature correspondence. As discussed earlier, we can perform DMA by applying an oscillating force to a polymer-based material. If the frequency ω of the oscillations is low, the chains will be able within one half-cycle to adjust better to the externally imposed ﬁeld, just as they do at higher temperatures. The inverse is true also: high frequencies will provide very little opportunity for such rearrangements, just as if the free volume was low and the temperature low also. We infer that high frequencies cause similar effects as low temperatures and also vice versa. This is the reason for the series of proportionalities (eq. 23) provided above and also for the time– frequency correspondence principle. To see how one makes long-term predictions, consider for instance dependence of tan ∂ for high density polyethylene (HDPE) as a function of the logarithmic reciprocal frequency log ω − 1 (62). One can make a series of isothermal measurements of this quantity. Then, taking advantage of the time–frequency correspondence, one can shift the isothermal curves—except for one—so that they would form a single curve. This is shown (62) in Figure 14. The diagram is called the master curve and pertains to the reference temperature T 0 for which the curve was not moved. We see in the axis explanation for Figure 14 the shift factor aT . It tells us how much a given isothermal curve needs to be shifted; thus, aT is the key to the long-term prediction. One of us has derived a general equation for aT (2,3): ln aT = AT + B/(¯v − 1)



(28)



where AT and B are material constants; B is called the Doolittle constant since it comes from the Doolittle equation connecting viscosity and free volume (see also Reference 62 for the cases involving predrawing). Since the reduced volume as deﬁned in equation 25 appears in equation 28, we also need an equation of state such as the Hartmann equation (eq. 27a).
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Fig. 14. The master curve of tan ∂ vs log ω − 1 for HDPE at 40◦ C (62). Each kind of symbols pertains to a different isotherm.



The master curve for HDPE shown in Figure 14 was obtained using equation 28 in conjunction with equation 27a. In Figure 15 we see the results of the calculation presented as a continuous curve. The experimental points have been obtained by shifting the curves until the best visual ﬁt. Clearly the equation works. The correspondence principles accomplish an important goal: prediction of long-term behavior from short-term tests. However, some polymer scientists and engineers do not believe that the prediction methods work apparently, because they think that the time–temperature equivalence is the same thing as the so-called WLF equation of 1955 (63) for the shift factor aT . Ferry who co-created WLF warned (61) that the use of that equation is limited to a temperature range



Fig. 15. The temperature shift factor aT as a function of the temperature T for the master curve shown in Figure 14; ﬁlled circles are the experimental points from creep, the continuous line calculated from equation 28 together with equation 27a (62).
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Fig. 16. The temperature shift factor aT (T) for PET/0.6PHB polymer liquid crystal (PET = poly(ethylene terephthalate, PHB = p-hydroxybenzoic acid, 0.6 = mole fraction of PHB in the PLC copolymer). Explanations in text (64).



from the glass temperature T g to ≈ (T g + 50) K. When the WLF equation is used outside of its applicability range, bad results are likely. The prediction methods are applicable not only to one-phase polymer-based materials, but also to multiphase systems. A polymer liquid crystal which forms four phases in its service temperature range has been studied and predictions accomplished over 16 decades of time. Each experiment was made over 4 decades only (64) and the same equations 27a and 28 were used. Let us look at the diagram of the logarithmic temperature shift factor log aT as a function of the temperature T for that PLC in Figure 16. The circles are the experimental values corresponding to shifting resulting in a 16 decade master curve. The continuous line was calculated from equations 27a and 28. We include also as triangles values of aT calculated from the WLF equation. We see that at higher temperatures the WLF results agree well with the experiment—the reason why that equation is still in use. We also see that at low temperatures the WLF equation leads to disastrous results. There is also the issue whether the temperature shift factor aT depends on the technique used or is it a property of the material independent of the kind of experiments performed. In derivation of equation 28 it was assumed that aT is a material property (2,3). This is conﬁrmed by experiments. The continuous line seen in Figure 16 agrees with the experimental shift factors obtained from creep (shown as circles) equally well as with aT values obtained from stress relaxation results (64). Time–Stress Correspondence. In 1948 O’Shaughnessy demonstrated experimentally the existence of a different equivalence principle, namely between time and stress (65). Several compliance D values for rayon at different stress levels were shifted forming what we now call a master curve. Some work on this basis was performed at the Latvian Institute of Polymer Mechanics in Riga and is described by Goldman (5). However, generally the O’Shaughnessy principle attracted much less attention than the time–temperature–frequency correspondence. The
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reason was that there was no equation which would enable calculations based on this principle—not even a bad one. In 2000 (66) an equation was derived for the stress shift factor: ln aσ = Aσ + ln v(σ )/Vref + B/(¯v − 1) + C(σ − σref )



(29)



where the index “ref” pertains to the reference state for which no shifting occurs. The parameter Aσ is analogous to AT in equation 28; B is the same Doolittle constant; and C is another material parameter. Actually in Reference 66 a more general shift factor equation was derived which deals with changes of both the temperature T and stress σ : ln aT,α = AT,σ + ln Tref /T + ln v/vref + B(¯v − 1) + C(σ − σref )



(30)



When we assume a constant stress σ = σ ref then equation 30 reduced to equation 28 as it should. When we need a shift factor dependent on the stress level σ only for T = T ref = constant then equation 30 reduced to equation 29 as it also should. Equation 29 was tested experimentally with good results (67,68). However, we defer showing an example of its application to the following section. Long-Term Predictions from a Minimum of Data. One problem with the use of the correspondence principles to make long-term prediction seemed unresolved: the amount of data needed. Thus, in Reference 64 experimental creep and stress relaxation results for the PET/0.6PHB PLC were obtained at 10 temperatures. Similarly, in Reference 67 creep compliance was determined at 9 stress levels. Can we get away with doing experiments at two or three temperatures—or at two or three stress levels—and get valid predictions? The answer is yes, and procedures for that purpose have been developed. When one works with the time– stress correspondence, then the minimum data procedure (68) is naturally based on equation 29. Similarly, when we use the time–temperature correspondence, the minimum data procedure (69) is based on equation 28. Here is an example of the minimum data procedure for the application of the time–stress correspondence. In Figure 17 we show creep compliance of the same PET/0.6PHB PLC as a function of logarithmic time. This is a master curve—and only two sets of experimental data (for two stress levels) have been used to create it. As a proof of the validity of the prediction, in Figure 18 we show the stress shift factor aσ as a function of the stress level σ . The continuous curve with asterisks has been calculated using all experimental results available, that is 9 sets for 9 stress levels. The broken line with open circles is based on two extreme sets of results only, for 10 J/cm3 and 50 J/cm3 , the same as seen as points in Figure 17. Both curves have been obtained from experimental data via equation 29. We see that the differences are small. The values calculated from two stress levels deviate from those based on the full set on the average by ±0.73% (68). Thus, not only prediction of reliability and long-term behavior from short-term tests seems possible for many polymer-based materials. The amount of experimental data needed for the prediction is lower than widely believed.
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Fig. 17. Master curve of creep compliance of PET/0.6PHB for σ ref = 10 J/cm3 (= 10 MPa = 10 MN/m2 ). Open circles are experimental points for 10 J/cm3 , ﬁlled circles for 50 J/cm3 (68).



Tribology: Scratch and Wear Resistance In the section under Fracture Mechanics and Crack Propagation, cracks and notches were discussed as stress concentrators. Scratches are also stress concentrators which affect the reliability. Therefore, we now need to move from the mechanics of polymer-based materials to their tribology. Tribology deals with friction, wear, scratch resistance, and design of interactive surfaces in relative motion (70). It is an underappreciated science. Rabinowicz (71) says the following about the so-called Jost report on tribology prepared for the British Government:



Fig. 18. Logarithmic stress shift factor aσ as a function of stress level σ for the master curve shown in Figure 17. The continuous line is based on experimental results for nine stress levels; the discontinuous one on two levels only, 10 J/cm3 and 50 J/cm3 . −− × + Experimental; --䊊-- Calculated (10–50) (68).
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“At the time the Jost Report appeared it was widely felt that the Report greatly exaggerated the savings that might result from improved tribological expertise. It has now become clear that, on the contrary, the Jost Report greatly underestimates the ﬁnancial importance of tribology. The Report paid little attention to wear, which happens to be (from the economical point of view) the most signiﬁcant tribological phenomenon” (see SCRATCH BEHAVIOR OF POLYMERS). Scratch testing involves the determination of the instantaneous depth (penetration depth Rp ) caused by an indentor and also of the ﬁnal (after healing) residual depth Rh . Healing is a consequence of viscoelasticity. It is clear that in terms of reliability, Rh (rather than Rp ) is important; the shallower the residual depth, the higher the scratch resistance. Can we improve the scratch resistance of polymer-based materials? Fortunately, the answer is yes. One way is to apply a low concentration additive to a given polymer-based material. This is much easier said than done—but possible (72,73). In Figure 19 we see the residual depth Rh in a commercial epoxy as a function of concentration of an added ﬂuoropolymer for various forces applied by



Fig. 19. The residual depth Rh of a commercial epoxy as a function of weight % concentration of a ﬂuoropolymer additive; after (73). 䉬 2N, 䊏 4N,  6N, × 8N, × | 10N, 䊉 12N.
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Fig. 20. Changes with time of vertical locations of surface segments in scratch testing simulation. —䊉— Segment 1, —䉱— Segment 2, —䊏— Segment 3 (76).



a diamond indentor. We see that ﬁrst the curves go through maxima. That is, if somebody would stop experiments at 3 wt% of the additive, one would conclude that the additive lowers the scratch resistance instead of enhancing it. Wear can be deﬁned as the unwanted loss of material from solid surfaces owing to mechanical interaction (71). When dealing with metal surfaces, one often uses external lubricants. For polymers and polymer-based materials this is not advisable. The polymer might absorb the lubricant and swell; the results would be worse than without the lubricant. One option of lowering wear which is widely used is lowering the friction. Friction can be deﬁned as the tangential force of resistance to a relative motion of two contacting surfaces (71). One distinguishes static friction which appears when starting relative motion and dynamic friction which manifests itself when sustaining the motion. Again, an appropriate additive might lower the friction. This has been done also for a commercial epoxy with a ﬂuoropolymer additive (74). Another option of lowering wear has been discovered recently. It turns out that multiple scratching might result after 15 times or so in polymer hardening so that consecutive scratch runs do not make the groove any deeper (75). This has been found for instance for polypropylene and also for TFPE (Teﬂon). This in spite of the fact that Teﬂon is a material with notoriously low scratch resistance—as known to anybody who has ever used frying pans. As in other topics discussed above, molecular dynamics computer simulations also here elucidate the phenomena that take place. In Figure 20 we show the ﬁrst ever computer simulation of scratch testing (76).
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