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YIELD AND CRAZING IN POLYMERS Introduction Polymers serve increasingly in structural applications as lightweight replacements for more traditional materials such as metals and wood. In light of this it is important to understand and be able to characterize the engineering or mechanical properties over the likely service conditions (see MECHANICAL PERFORMANCE). Typically when a material fails in service it is thought of in terms of a catastrophic brittle failure and these modes have been partially discussed elsewhere (see FRACTURE; FATIGUE). However, polymers (both thermoplastics and thermosets) can also fail by yielding, and while generally this is not necessarily a catastrophic event (ie the material remains intact) it does mean the material retains a degree of permanent deformation and is usually considered a failure criterion in terms of structural integrity. Furthermore, the yield response of polymers affects the plastic zone at the crack tip and this is important in fracture events. Another deformation mechanism common to many polymers is that of crazing. Crazes are generally a precursor to brittle failure, though on the local scale they are the result of highly localized yielding phenomena. As such they provide a signiﬁcant source of energy absorption and, further, since the crazes remain load bearing, the time for their initiation and growth can be a signiﬁcant portion of the overall lifetime of the material. The present article focuses on yield and crazing in polymers and does not deal directly with the viscoelastic response, though it is recognized that yield and viscoelasticity share many of the same features—strain rate and temperature dependence (1) and even concepts such as time–temperature superposition (2) (see VISCOELASTICITY; AGING, PHYSICAL). We ﬁrst present a summary of conventional yield criteria, these being methods to quantify the yield stress as a function of 627 Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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the applied stress ﬁeld, ie uniaxial vs biaxial. Following this the phenomenology of yield is addressed by considering a number of models of the yield process in polymers, including the observation of strain softening and strain hardening. A brief overview of craze structure and morphology is given and several criteria for the initiation, growth, and failure of crazes are described.



Yield A general deﬁnition of yield is the point at which a material ceases to deform elastically in a recoverable manner and undergoes permanent (irreversible) plastic deformation. Historically, the study of yield and the theories describing it were developed for metals (3) and, there, this deﬁnition works well, with elastic deformation arising from lattice distortions and plastic deformation from the motion of dislocations. In polymers the molecular processes involved in deformation cannot be so easily split into such distinct mechanisms. Further, it has long been recognized that polymers exhibit a viscoelastic response to deformation (4–7) and consequently the general mechanical properties are both rate and temperature dependent. Such a viscoelastic response is evidenced not only on deformation but also on recovery. The time-dependent nature of the recovery means that for polymers the determination of permanent (plastic) deformation can depend on how long one is prepared to conduct the relevant measurements. That said, general aspects of the large deformation behavior of amorphous glassy and semi-crystalline polymers can be usefully discussed in terms of conventional yield criteria. We begin by examining general stress (load per unit area)–strain (fractional change in length) responses for polymers under uniaxial tensile loading and develop what is essentially an elastic–plastic analysis of the material behavior. Loading under compressive and shear forces is then considered. This is followed by general yield criteria: these can be considered macroscopic criteria relating the applied stress to some critical value for yielding (generally a critical shear stress) and their modiﬁcation to introduce pressure dependence. While such criteria are useful engineering concepts, it is perhaps more satisfying to be able to describe yielding from a microscopic perspective, and this is addressed in the section on yield theories. Subsequent to the discussion of yield phenomena we present a section on another important aspect of polymer mechanical behavior, that of crazing. Crazing is a localized yielding process that may be dilatational in nature. It results in essentially load-bearing cracks that are generally a precursor to macroscopically brittle failure when the craze density is low. Before describing the yield response of polymers in the next section, we remark here that polymer mechanical behavior depends strongly not only on the time (rate) and temperature, but also on the morphology of the material (8,9). Hence the yield phenomenology described below will approximately describe the behavior, but the details of the behavior will depend strongly on the morphology and where one is relative to the glass-transition temperature, T g . For example, above the T g , an amorphous polymer such as polystyrene does not yield but undergoes viscous ﬂow. On the other hand, a material such as polyethylene, which is semi-crystalline, will undergo a yield process above the glass transition. Below T g , both glassy amorphous and glassy semi-crystalline polymers can undergo
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yielding, though the processes may differ between the two types of materials. Much of the development of the present article deals with yield of glassy amorphous polymers, though some discussion of yielding in semi-crystalline materials is also presented. General Stress–Strain Curves under Uniaxial Tensile Loading. In uniaxial extension or compression, the true axial stress, σ T , is given by the current load (P) divided by the current cross sectional area (A): σT = P/A



(1)



If it is assumed that the deformation takes place at constant volume (a reasonable assumption under most conditions of plastic deformation where the volume changes are small compared to the total strain), then the instantaneous area (A) and length (l) are related to the original cross sectional area and length (A0 , l0 respectively) by Al = A0 l0



(2)



We now deﬁne the engineering (or nominal) stress, σ E , as σE = P/A0



(3)



ε = (l − l0 )/ l0



(4)



l/ l0 = (l + ε)



(5)



and the engineering strain, ε, as



so that



From equations 1-5 we ﬁnd that σE = σT /(l + ε)



σT = σE (l + ε)



(6)



The deformation response of a material to a given loading regime is described by generalized equations known as constitutive relations. For uniaxial loading in the limit of small strains, the simplest of these is known as Hooke’s Law and linearly relates the stress to the strain: E=



σ ε



(7)



where E is Young’s modulus. The extreme temperature and rate sensitivity of polymers means that they can display a wide range of mechanical behaviors depending on the precise conditions under which they are tested. Figure 1 shows a set of typical engineering stress–strain curves that an amorphous polymer might be expected to exhibit as a function of rate or temperature in a uniaxial tensile test (10,11). At low temperatures or high rates polymers tend to fail in a brittle manner (Curve A)—the strain
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Fig. 1. Typical engineering stress–strain curves for an amorphous polymer as a function of temperature or strain rate.



to failure is low (of the order of a few percent) and the modulus high (of the order of a few GPa). As the temperature increases (or the strain rate decreases) the curves progress such that the material passes through a softening regime (Curve D), characterized by low moduli, an indistinct (or nonexistent) yield point, and large strains to failure (>100 percent). Ultimately, at a sufﬁciently high temperature (or low enough strain rate), the material may show a pure rubbery response with a modulus some orders of magnitude lower than those indicated in Figure 1 (curve omitted for clarity). Of particular interest in this discourse is the behavior shown in Curves B and C. At small strains (typically σ 2 > σ 3 the criterion can be written as 1/2(σ1 − σ3 ) = τs



(14)



For the simplest loading situation of a tensile test at a stress level of σ 1 , with σ 2 = σ 3 = 0 we have τs = σ1 /2



(15)



so that yield occurs when the applied tensile stress reaches twice the shear yield stress. Von Mises Yield Criterion. The Von Mises yield criterion (also known as the maximum distortional energy criterion or the octahedral stress theory) (25) states that yield will occur when the elastic shear-strain energy density reaches a critical value. There are a number of ways of expressing this in terms of the principal stresses, a common one being (σ1 − σ2 )2 + (σ2 − σ3 )2 + (σ3 − σ1 )2 = constant



(16)



If we again look at the case of simple tension, then we have σ 2 = σ 3 = 0. Deﬁning the tensile yield stress as σ Y , we see that the constant in equation 16 is 2σ Y 2 . If we look now at the case of pure shear, where we have σ 1 = −σ 2 = τ and σ 3 = 0, we ﬁnd that 4σ12 + σ12 + σ12 = 6σ12 = 6τ 2 = constant = 2σY2 ie σY τ=√ 3



(17)
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Fig. 6. The Tresca and von Mises yield criteria for plane strain conditions (σ 3 = 0).



Compare this to the prediction of σ Y /2 from the Tresca criterion. The yield criteria for both the Tresca and Von Mises theories are shown graphically in Figure 6. For simplicity, the plots are shown for conditions of plane stress (ie σ 3 = 0). We can see that the Von Mises criterion describes an ellipse in stress space, with the Tresca criterion consisting of a series of straight lines bounded by the Von Mises limits. Coulomb Yield Criterion. In 1773, Coulomb (26) identiﬁed two components important in the strength of building stone—cohesion and friction. He observed that the shear stress, τ , necessary to cause shear failure across a plane is resisted by the cohesion of the material S0 and by the product, µσ N , across that plane, where the constant µ is called the coefﬁcient of internal friction and σ N is the force normal to the shear plane: τ = S0 + µσN



(18)



This criteria is often expressed in the form τ = τc + σN tan φ



(19)



where τ c is now the critical shear stress for yield and φ = 2θ −



π 2



(20)



and θ is the angle between the normal to the shear plane and the direction of the applied stress. Data from tensile, compressive, and torsional tests on a range of polymers under imposed hydrostatic pressure (20,27) have been successfully described by the Coulomb criterion, though it should be noted that the modiﬁed Von Mises criteria (see below) was equally successful. Pressure-Modiﬁed Criteria. One major shortcoming of the criteria described above is that they predict that the yield stresses in tension and compression are the same. However, in practice it is generally found for polymers that the yield stress in compression is higher than that in tension. This effect is usually considered to be a consequence of the fact that the yield stress depends on the hydrostatic pressure that develops under load. The hydrostatic pressure component
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Fig. 7. Yield stress as a function of imposed hydrostatic pressure for polyethylene and polypropylene. Data from Ref. 28. 䊊, polyethylene, 䊉, Polypropylene.



of the load in tension is negative, while in compression it is positive. In fact, experiments in which measurements were made under imposed hydrostatic pressures exhibit a strong pressure dependence of the yield stress in polymers (27–29 see also the extensive review in Reference 30). In general it was seen that the yield stress increased linearly with imposed hydrostatic compression (Fig. 7). Modiﬁed Tresca Criterion. A simple way to modify the Tresca criterion to allow for a pressure dependence is to make the critical shear yield stress a linear function of hydrostatic pressure: τT = τT0 + µT P



(21)



where τT0 is the critical shear stress with no hydrostatic pressure, P is the hydrostatic pressure, given by P = −(σ 1 + σ 2 + σ 3 )/3 and µ is a constant. Substituting into equations 14 and 15, we ﬁnd that the yield stresses in tension σ Yt and compression σ Yc are given by  σYt = 2τT0 (1 + 2µ/3)



(22)



 σYc = 2τT0 (1 − 2µ/3)



(23)



Modiﬁed Von Mises Criterion. In the same manner as the modiﬁcation to the Tresca yield criterion one can modify the Von Mises criterion by introducing a linear dependence of the critical shear stress on the hydrostatic pressure: 0 τM = τM + µM P



(24)



0 is the critical shear stress with no hydrostatic component, P is the where τM hydrostatic pressure, and µM is a material constant.



Vol. 12



YIELD AND CRAZING IN POLYMERS



639



It can be seen from the above criteria that for polymers under uniaxial loading, yield is essentially characterized as a shear-controlled process. There is good experimental evidence for this being the case, and is shown most clearly by the observation of the formation of shear bands on uniaxially loaded specimens. These are regions of locally strained material running at an angle to the applied load, typically at approximately 45◦ . For isochoric deformation in an isotropic material the angle is precisely 45◦ , which corresponds to the angle of maximum shear stress. Any preorientation in the material (which introduces an anisotropy to the material) or dilatation during deformation can cause the angle to change. Dilatation generally causes the angle to decrease in the loading direction, while the change due to preorientation depends on the direction of the applied load to the orientation direction. The criteria discussed above are certainly useful from an engineering point of view and offer a method to estimate the likelihood of failure for a given loading situation. However, from a fundamental viewpoint, they are lacking as they provide no insight into the microscopic or molecular mechanisms that give rise to yield. The following section examines a number of theories that seek to explain yield to varying degrees of complexity.



Theories of Yield Adiabatic Heating. As far back as 1949 (31–33) it was postulated that local adiabatic heating in polymers causes a temperature rise in the neck region, thereby lowering the local yield stress. While this may be a factor at high rates of deformation where the heat generated cannot be dissipated, experiments using, for example, thermal imaging techniques have shown that the temperature rise is not sufﬁcient to account for yielding. In addition, experiments conducted at rates low enough such that the system is essentially under quasi-isothermal conditions still show yield behavior (34) and therefore simple heating is not an adequate explanation for polymer yield. Strain-Induced Dilatation. An alternative view of yield in polymers comes from the fact that a tensile strain induces a hydrostatic tension in the material and a corresponding increase in the sample volume. This in turn translates to an increase in the free volume, which increases the polymer mobility and effectively lowers the glass-transition temperature (T g ) of the polymer (alternatively it can be looked upon as increasing the free volume to the value it would have at the normal measured T g ). The increased mobility results in a lowering of the yield stress. Knauss and Emri (35) used an integral representation of nonlinear viscoelasticity with a state-dependent variable related to free volume to model the yield behavior, with the free volume a function of temperature, time, and stress history. This model uses the concept of reduced time (see VISCOELASTICITY), where application of a tensile stress causes a volume dilatation and consequently causes the material time scale to change by a shift factor related to the magnitude of the applied stress. Yield occurs because the free-volume shift factor causes the molecular mobility to increase in such a way that yield can occur. However yield and plastic deformation are also observed in uniaxial compression and shear (19–23). In the former case the hydrostatic component of stress is
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compressive and this leads to a reduction in free volume. Further, as was shown above when discussing the yield criteria, yielding in either tension or compression seems, for polymers, to be associated with the deviatoric (shear) component of the stress tensor, and this intrinsically involves no volume change. Thus, it seems unlikely that strain-induced changes in volume are the underlying cause of yield.



Models of Yield Based on Activated Processes Models put forward in the in the late 1960s and early 1970s (eg Robertson (36), Haward and Thackray (37), Argon(38)) suggested that for yield and large-strain plastic deformation to occur two distinct sources of resistance must be overcome. First, yield is thought to occur when the polymer is stressed sufﬁciently to be able to overcome intermolecular resistance to segmental motion. Once the material has started to ﬂow, molecular alignment occurs and changes the conﬁgurational entropy of the system. This change in entropy of the system causes the second resistance and is seen physically as a strain-hardening effect. Yield is generally taken to be an activated process, and the ﬁrst three of the following theories address this aspect. Models are then presented which address not only the yield of the material but the subsequent strain-softening and strainhardening events that are observed. The ﬁrst of these is the Haward and Thackray (37) one-dimensional model, which, while not physically realistic, laid the groundwork for many of the theories that followed it. This is followed in some detail by the BPA model of Boyce, Parks, and Argon (39), which addresses the rate, temperature, and pressure dependence of the intermolecular resistance and also the temperature dependence of entropic hardening. The model proposed by Tervoort and co-workers (40) is then discussed as this addresses some of the shortcomings of the BPA model, speciﬁcally the omission of a spectrum of relaxation times to describe the material behavior. The section is ﬁnished by examining the model of Caruthers and co-workers (41,42), which approaches yield from the framework of Rational Thermodynamics and seeks to explain a range of behaviors using a set of uniﬁed constitutive equations. Internal Viscosity Model (Eyring Model). If we think of amorphous polymers as essentially viscous ﬂuids then it is reasonable to think of yield and plastic deformation as viscous ﬂow. Eyring (43) in 1936 developed a theory for ﬂow in viscous ﬂuids based on transition-state theory and it is instructive to look at this in more detail as it shows the temperature and rate dependency of the ﬂow process. The Eyring model treats segmental motion as an activated process in which for a given segment to “jump” to an alternative position it needs to cross an energy barrier of height E ∗ . In the unstrained state the likelihood of either a forward jump or backward jump is equal, ie the stable states on either side of the barrier are at the same energy level (Fig. 8). The rate at which the segments cross the barrier is given by the Arrhenius equation:   E∗ ν0 = A exp − kT



(25)
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Fig. 8. Schematic of the energy landscape for an unstrained polymer for Eyring’s model of viscous ﬂow.



where A is a constant, E ∗ is the energy barrier height, k is Boltzmann’s constant, and T the absolute temperature. According to the theory, application of a stress causes an asymmetric change in the stable energies on either side of the barrier of +τ V and −τ V for the forward and backward motions, respectively (Fig. 9). V is the Eyring activation volume and τ the applied shear stress. It is difﬁcult to relate the activation volume V to a physical volume in the polymer, though the term τ V in the model notionally represents the work required to move a polymer segment during ﬂow. Under applied stress then, the frequency with which the segments jump in the forward direction is given by   E∗ − τV νf = A exp − kT



(26)



and the frequency they jump in the reverse direction is given by 



E∗ + τV νb = A exp − kT



 (27)



So, the net rate at which the segments jump is simply the difference in the forward and backward rates:       τV E∗ τV νf − νb = A exp − exp − exp − (28) kT kT kT



Fig. 9. Schematic of the energy landscape for a strained polymer for Eyring’s model of viscous ﬂow.
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In a solid, the backward jump rate is negligible in comparison to the forward jump rate (the term τ V being sufﬁciently large such that the term e − τ V/kT becomes small), and taking the net jump rate (ν f − ν b ) to be proportional to the strain rate, ε˙ , then     τV E∗ ε˙ = A∗ exp − exp kT kT



(29)



As shown earlier, a simple criterion for yield is that the maximum shear stress reaches a critical value given by τ = σ y /2, where σ y is the tensile yield stress (ie the Tresca yield criterion). Substituting and rearranging equation 29 gives  σY = k In







  ε˙ E ∗ 2T + A∗ T V



(30)



Equation 30 shows that the yield stress is both rate and temperature dependent, hence it captures some important features of yield in polymers. For example, Figure 10 (44) shows a plot of σ Y /T (or σ e /T in the notation of Reference (44)) as a function of log strain rate and, as predicted by equation 30, a linear relationship is seen at each temperature. It is worth noting that the Eyring equation (typically in the form of two activated processes acting in parallel) has been successfully applied not only to the yield behavior of polymers but also to the creep rupture behavior of isotropic and oriented polymers (45–48).



Fig. 10. Yield stress normalized to temperature as a function of logarithmic strain rate for polycarbonate. After Bauwens-Crowet and co-workers (44) with permission.
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Robertson Model. The model developed by Robertson in 1966 (36) is also based on an activated process. He stated that the rigidity of a glass is a result of the intermolecular forces between adjacent chains, though for polymer glasses they suppose that the intramolecular forces are also important. Thus, to cause a glassy polymer to move into the liquid state it is necessary to reduce the effect of either the intramolecular or intermolecular forces. Robertson posited that a shear stress alone could achieve this and so induce Newtonian ﬂow in the material. A shear stress ﬁeld set up in the material can increase the number of ﬂexed bonds (conformations) to a level above the preferred level of the equilibrium glass and may increase to the level that would be typically seen in a polymer liquid. The model introduces the strain energy as a bias on the energy difference between bonds in the preferred (trans) and ﬂexed (cis) conformations, with the simplifying assumption that the bonds can only exist in one of these two stable states. A polymer below the glass-transition temperature has a ﬁxed, or “frozenin,” distribution of bond conformations in either the high energy (cis) or low energy (trans) states, with the difference in energy between the two states denoted as E. Application of a stress causes conformations to shift from the trans to the cis state, effectively increasing the mobility to liquid-like levels. At sufﬁciently high stress levels the mobility is sufﬁciently increased such that yield can occur. More speciﬁcally the shear component of the stress (τ ) causes a change in the energy difference between the two states by an amount τ v cos φ, where v is the “ﬂex volume” and is approximately the average volume of chain segments containing two bonds, and φ is the angle between the applied stress and vector displacement of the ﬂexed bond (Fig. 11). The resulting energy difference between the two states (E ∗ ) is now given by E ∗ = E − τ v cos φ



(31)



An assumption is then made that the material can be described by a term θ g , which is the temperature at which the polymer structure in the glass would be an equilibrium structure and can be conveniently set to T g . By performing a statistical average, the maximum number of ﬂexed bonds for a given applied stress can be calculated and the current structure related to an “equivalent temperature,” θ 1. Using the WLF (49) equation to model the effect of temperature on the material viscosity Robertson went on derive an equation for the maximum shear strain



Fig. 11. Schematic of the Robertson (36) model for a shear-induced conformation change.
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rate, γ˙MAX , induced by the shear stress, τ , as τ γ˙MAX = exp ηg g







 −2.303







g g



c1 c2



g



θ 1 − T g + c2



θ1 T 







 g − c1



(32)



g



where c1 and c2 are the “universal” constants from the WLF equation, ηg is the “universal viscosity” at T g , and θ 1 is as discussed above. The model can be used to predict the shear rate as a function of shear stress for a range of temperatures. In the original paper a lack of shear stress data meant that the predictions were compared to tensile stress–strain data by decomposing the tensile data into shear and biaxial components. The point on the tensile stress– strain data that Robertson took to be the most appropriate stress to compare with the computed strain rate was the yield point. The model gives values for the yield stress and the temperature dependence of the yield stress that agree well with experiment for a number of polymers. The model is attractive since the six parameters required above can be obtained independently and thus no ﬁtting to the data is required. Of these six parameters, only two relate directly to the individual polymer, namely the glasstransition temperature, T g , and the parameter v, the average volume of chain segments containing two bonds (though in practice Robertson took this to be the volume of a monomer unit in the glassy state at room temperature). The Robertson model was extended by Duckett and co-workers in 1970 (29) to account for the pressure dependence of the yield stress. By their argument, if the two states are trans and cis and the effect of stress is to increase the number of cis conformations, then this implies a lower resulting density since the packing is less efﬁcient. This in turn implies the change in conformations has an impact on the hydrostatic component of the applied stress. They further suggest that the hydrostatic component of the stress, p, will do work during the activation process leading to an overall energy difference between the two states of E − τ v + p 



(33)



where p is positive in compressive loading and negative in tensile loading. The term has units of volume. Using this modiﬁcation they successfully correlated the torsional yield stress dependence of PMMA under hydrostatic pressure with the variation in the yield stress under compressive and tensile stresses as a function of temperature and strain rate. Argon Model. Argon in 1973 (38) developed a molecular model for the initial yield based on the Gibbs free energy of the system. Again it considers that yield does not occur until the resistance to segmental rotation can be overcome by the application of stress. Strain in the sample is proposed to occur by the rotation of small molecular segments from an initially random orientation to a preferential orientation along the load axis. Such a process is modeled by introducing a “kink pair” into the molecule. The resistance to this kink formation is primarily from the surrounding molecular chains, and is modeled as an equivalent elastic medium. Argon derived an expression for the change in free energy, dG ∗ , required to produce
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segmental rotation:  dG ∗ =



5/6 







  τ 3π Gω α  1 −     0.077G  16(1 − ν) 1−v 2 3



  



(34)



where G is the temperature-dependent shear modulus, ν is Poisson’s ratio, ω is the net angle of rotation between the two conﬁgurations, α is the mean molecular radius, and τ is the applied shear stress. This leads to an energy maximum as a function of the distance between molecular kinks and deﬁnes an energy barrier for kink formation. The rate of transfer between the ground and activated states is then modeled in a manner similar to that of a thermally activated Arrhenius process. This leads to a plastic strain rate given by 



− dG ∗ γ˙P = γ˙0 exp kT



 (35)



where γ˙0 is a pre-exponential factor having the units of s − 1 , k is Boltzmann’s constant, and T the absolute temperature. Equation 35 can be rewritten as 



As0 γ˙p = γ˙0 exp − T











τ 1− s0



5/6  (36)



where A = 39π ω2 α 3 /16κ and s0 = 0.077G/(1 − ν) s0 is termed the athermal shear yield strength and is the value of the shear yield strength as the temperature approaches absolute zero (and assuming ﬁnite strain rates). The above equation can be rearranged to give  6/5  γ˙0 T ln τ = s0 1 − As0 γ˙P



(37)



Equation 37 thus captures both rate and temperature dependencies of the shear yield stress. Haward and Thackray Model. In 1968 Haward and Thackray (37) developed a one-dimensional model for yield using a spring in series with a parallel arrangement of a spring and dashpot (Fig. 12). The dashpot, rather than being Newtonian as with the standard Maxwell/Kelvin models, was instead an Eyring
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Fig. 12. Schematic of the one-dimensional model of Haward and Thackray.



dashpot. The standard Hookean-type spring was replaced with a Langevin (ﬁnite extensible) spring to account for the strain hardening (entropic resistance) observed at larger strains. The initial elastic response remains modeled with a Hookean spring in series. While the model correctly gives the dependence of the yield stress on strain rate it gives only a somewhat simple approximation to the realistic stress–strain response. Also, in common with all the previous models (Eyring, Robertson, and Argon), it does not address the issue of strain softening. However, the general principle of the model has been widely accepted and has been further reﬁned and extended to address some of the shortcomings as discussed in the following sections. Boyce, Parks, and Argon model (BPA Model). In a fashion that is conceptually the same as the Haward and Thackray (37) model, the BPA (39) model assumes that after an initial elastic response, the plastic resistance can be separated into a resistance to ﬂow due to an activated process and an entropic resistance due to molecular alignment. The model builds on the Argon model to describe the initial yield in terms of the resistance to segmental motion and extends it to include pressure and strain-softening effects. It then goes on to model the second component of resistance to (large-strain) deformation, that of entropic resistance, in terms the “three chain” non-Gaussian (inverse Langevin) statistical model of Wang and Guth (50). In the BPA model, it is the athermal shear strength given in the Argon model, s0 , which is modiﬁed to explain the observed strain-softening behavior. The reasoning behind this is that as the material undergoes the initial stages of plastic ﬂow some restructuring of the molecular chains is assumed to occur and these changes are in turn assumed to cause a reduction in the athermal shear resistance. The evidence for this is discussed in detail in the paper by Boyce and co-workers (39). Brieﬂy, tests carried out on polycarbonate after different thermal treatments and tested under identical conditions give different peak yield stress levels. However, the post-yield strain softening generally brings the stress levels down to the same value and this is interpreted as the material achieving a “preferred structure” during plastic ﬂow. The decrease in the athermal shear resistance with strain is modeled phenomenologically by the following
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expression: 



 s γ˙P s˙ = h 1 − sss



(38)



where s is the current value for the athermal shear resistance and is a function of the instantaneous structure, sss is the value s reaches at steady state, ie in the preferred structure, and γ˙P is the plastic strain rate. Note that sss can itself be temperature and rate dependent. h is the slope of the yield drop with respect to strain, with the yield drop deﬁned as the difference in the maximum stress before softening and the lowest stress level after plastic ﬂow. The yield drop depends on temperature and strain rate and varies with strain as a function of structure and strain rate. As noted above in discussing yield criteria, the shear yield strength generally increases linearly with applied hydrostatic pressure. Similar to the modiﬁed Tresca or von Mises yield criteria, where the shear yield stress is modiﬁed by a term linearly dependent on pressure, the BPA model introduces a term to modify the current athermal shear yield strength, s: s˜ = s + αP



(39)



where α is the pressure coefﬁcient, P the hydrostatic pressure, and s the athermal shear resistance modiﬁed for strain softening. Thus the term s0 in the original Argon model for yield (eq. 36) is replaced by s˜ to give  γ˙P = γ˙0 exp



 5/6  τ A˜s 1− − s˜ T



(40)



where the pressure and strain-softening effects are contained in the s˜ term. The second part of the BPA model concerns the entropic resistance resulting from molecular orientation and which leads ultimately to strain-hardening behavior. This is strictly a post-yield phenomenon and indeed the physics of the development of chain orientation and subsequent material behavior alone is the subject of books (eg Ward I.M. (51)). The BPA model uses the development of three-dimensional entropic resistance as ﬁrst modeled by Parks and co-workers (52). Consider an amorphous polymer that is plastically deformed below its glasstransition temperature (T g ). If this material is then heated to above T g it will recover to its original undeformed state. In order to prevent the material returning to the undeformed state at temperatures above T g , it would be necessary to impose a stress on the sample. This restraining force then acts to counteract the shrinkage force or ‘back stress’ Bi . For the plastically deformed material below T g , this back stress can be considered to be frozen-in to the deformed polymer at temperatures below T g and is the source of resistance to further deformation. The recovery of the material deformation above T g clearly has parallels with rubber elasticity and the orientation hardening is modeled using the statistical mechanics theories of rubber elasticity (Treloar 1975 (53)). For low
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stretch ratios, the standard Gaussian statistical model of Treloar (53) is sufﬁcient. However, the BPA model as originally developed used the non-Gausssian statistical mechanics network (Three-chain model) of Wang and Guth (50). This gave an expression for the back stress, Bi , as a function of the number of statistical segments between entanglements, the plateau rubber modulus (through which the temperature effects are taken into account) and the change in entropy as a function of the principal plastic stretches. The reader is referred to the original paper (39) for the speciﬁc details and development of this aspect of the model. The model has since been incorporated into commercial ﬁnite element codes (ABAQUS). The model has been subsequently reﬁned (Arruda and co-workers (54)) to more accurately describe the three-dimensional spatial orientation of the stretched molecular network using the eight-chain model (though comparison of the predictions from the eight-chain model with experimental results from natural rubber and polydimethylsiloxane has called into question the physics of that model (55)). The BPA model has been further developed (56) to account for aging effects (see, eg Reference 57). A model using the same underlying concepts, but again developed to improve the description of the strain hardening (entropic resistance), has been given by Wu and van der Giessen (58) using a “full chain” model. Tervoort and co-workers Model. While the above models make reasonable predictions of the stress–strain behavior in monotonic loading conditions, a main drawback to them is that they use only a single stress-dependent characteristic (relaxation) time. As a consequence, the predicted behavior tends to show a sharp transition between elastic (solid-like) and plastic (ﬂuid-like) behavior. However, it is found in practice that all polymers exhibit behavior consistent with a spectrum of relaxation times and this is clearly going to affect the stress– strain response at constant strain rate. In an effort to address this inconsistency Tervoort and co-workers (40) have developed a “modiﬁed compressible Leonov model.” The model is based on an earlier one by the same authors, the “compressible Leonov model” (59). In this, the behavior is modeled with a single Maxwell element where the dashpot and spring now have a relaxation time that is a function of the applied shear stress. This is similar in principle to the change seen in the relaxation time with a change in temperature (time–temperature superposition, (see VISCOELASTICITY), leading to the concept of time-stress superposition and a “stress clock” within the material. The model is developed with thermodynamically consistent constitutive equations by assuming that the free energy of the system (a measure of the stored energy) is given by two state variables, the relative volume deformation and the isochoric strain tensor. The volume deformation is coupled to the hydrostatic component of stress while the isochoric strain is determined by the deviatoric stress. It is assumed that the volume deformation remains elastic, whereas the accumulated isochoric elastic strain is reduced over time because of a plastic strain rate. This plastic strain rate is described by a threedimensional Eyring equation. The single-element model is essentially an elastic– plastic model and still exhibits a sharp transition between the two behaviors. To make the model more realistic, it was extended (40) to include a discrete relaxation
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spectrum by using an array of 18 Leonov modes, each with a unique relaxation time. Tervoort and co-workers tested the multimode model using polycarbonate since it could be described with a single relaxation mechanism having a distribution of relaxation times at the temperature of interest. The model parameters for the Eyring term were determined from plateau creep rates and the linear Leonov parameters from a linear shear relaxation curve (obtained from inversion of the creep compliance curves). The resulting model predictions agreed excellently with stress–strain curves over a range of strain rates up to approximately 8% strain. However, the model lacks any term to account for the entropic resistance (strain hardening) and so is valid only up to the yield point. In subsequent work, Govaert and co-workers (60,61) speciﬁcally address the postyield large-strain phenomenon of strain hardening, again for a polycarbonate. In an effort to minimize the effects of a localized, inhomogeneous strain deformation (neck), they adopted a technique of mechanical preconditioning. This technique aims to reduce the strain-softening characteristics of the material by conditioning the material through plastic deformation (61,62). The resulting true stress–true strain curves show a markedly reduced yield drop, while maintaining the same large-strain response. Interestingly, the authors found that the largestrain data could be modeled as simple neo-Hookean behavior and this was true up to the failure point (at a draw ratio of approximately 3). As the authors observed, this is in contrast with the results of eg Arruda and co-workers (63) for a different grade of polycarbonate where there was a deviation from neo-Hookean behavior indicating ﬁnite extensibility effects (ie a rapid upturn in the true stress–true strain response). Caruthers and co-workers Model. The group of J.M. Caruthers at the Chemical Engineering Department of Purdue University has, over the last decade or so, been developing a set of uniﬁed constitutive equations that aim to realistically model a wide range of rheological and mechanical properties (41,42). A detailed description of the model is beyond the scope of this article and we mention here only the main ideas behind the development of the model (see also VISCOELASTICITY). The model addresses the time, temperature, and history (thermal and mechanical) dependence of the material behavior using a set of thermoviscoelastic constitutive equations based on Rational Thermodynamics (64,65). The model introduces a material (or reduced) time, where the material timescale is determined by the instantaneous thermodynamic state of the material, using the Adam–Gibbs (66) model, which relates the relaxation time to conﬁgurational entropy. This is a potentially important development in the context of this article, as it allows the prediction of nonlinear mechanical behavior including yield. The model is still in development, but has successfully predicted a range of behaviors including speciﬁcally isobaric volume relaxation, yielding under uniaxial extension, shear thinning, and stress overshoot in transient shear (42). A particularly appealing aspect of the model is that all the model parameters can be determined from independent experiments and further that they are relatively few in number. Thus a material can be characterized in a relatively short period of time, though the mathematical framework of the model is somewhat intensive.
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Dislocation Plasticity The observation of microscopic shear bands in polymeric materials, coupled with the highly successful application of dislocation theory to plasticity in ductile metals, has led to the concept of dislocation plasticity in polymeric materials. The ﬁrst application of dislocation mechanisms was, not surprisingly, to semi-crystalline polymers (67). Predeki and Statton (68,69) looked at the effect of chain ends on crystalline regions and introduced the idea of screw and edge dislocations occurring in nylon-6,6 (68). They further examined the effect of shear stress on such dislocations in polyethylene (69). Direct evidence for the presence of dislocations in polymer crystals was obtained by Petermann and Gleiter (70) from the electron microscopy of single crystals of polyethylene. Gilman (71,72) further suggested that dislocation mechanisms can be applied to amorphous solids such as glasses and polymers. Bowden and Raha (73) developed a model of yield in which micro– shear bands are created by the formation and growth of dislocation loops, the energetics of which are inﬂuenced by the shear stress and the thermal energy. Unlike metals, where the dislocations or defects are inherent, the dislocations in polymers are formed under the action of an applied stress. Once formed, they may grow with the aid of thermal activation, ultimately leading to yield. The authors emphasize that the dislocation process they envision as occurring in an amorphous solid is not the same as in the classic concept of crystal plasticity, though it is a close analogy. The energy U of a dislocation loop of radius R is



U = (2π R)



  2R Gb2 − (π R2 )τ b ln 4π r0



(41)



where r0 is the radius of the dislocation core, τ the applied shear stress, G the shear modulus and b the Burgers vector (essentially equal to the magnitude of the shear displacement). The ﬁrst term in equation 41 is the elastic strain energy associated with a loop of length 2π R and the second term the work done by the applied stress to expand the loop to radius R (of the order of 1 nm). As the loop expands the energy at ﬁrst increases then reaches a maximum at some critical radius (Rc ), then will monotonically decrease. As expected, the height of this energy barrier decreases with increasing shear stress. The Bowden and Raha model is thus a thermally activated model whereby both the rate and temperature dependence are captured in the term U/kT. Interestingly, the model also implicitly accounts for strain softening—as the dislocation loop overcomes the peak in the energy barrier, further growth leads to a lower energetic state with the implication of reduced resistance to further extension. As the model is presented, the reduction in resistance (and hence the degree of strain softening) is monotonic, that is there is no limit to the extent to which the material will strain soften. This is clearly a major limitation of the model, though the authors have suggested a number of mechanisms that may limit the degree of strain softening. The above model based on dislocation-type defects in polymer glasses is attractive in that it allows one to put some order and physical interpretation to
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the (obviously complicated) processes occurring during deformation. Care must be exercised though in taking the analogy with dislocations in metals too far—the ordered structure of metals is not seen in polymers, hence the meaning of a defect such as a dislocation is unclear.



Ultimate Shear Strength The maximum theoretical strength of a crystal had been estimated by Frenkel as far back as 1926 (74), and the same general ideas have been applied to amorphous polymers (73,75,76). Brieﬂy, if an equilibrium crystal lattice is sheared to a strain of 1, each atom will have moved to a new equilibrium position. At a strain of 0.5, the atoms will be between one equilibrium position and the next and the shear stress required to hold it in position will be zero (albeit in an unstable state). Consequently, the maximum shear stress is assumed to occur at a shear strain of approximately 0.25. Since the initial slope of the stress–strain curve is the shear modulus G, this gives an estimate of the maximum shear stress to be approximately G/6. While the structure of an amorphous polymer is far from that of an ideal crystal it is reasonable to suppose that the molecular segments are at some equilibrium position and at a high enough shear stress most, if not all, will fall into a new equilibrium position (though the energy landscape, and hence equilibrium potentials, will not be as uniform as those in a crystal). The model as proposed did not allow for thermal ﬂuctuations (ie it was effectively for a material at 0 K) and it is expected that taking account of such ﬂuctuations would reduce the theoretical strength. Other estimates of the ultimate shear strength of amorphous polymers have been made by a number of authors and generally all fall within a factor of 2 of each other (38,77,78). Stachurski (79) has expressed doubt as to the validity of the concept of an intrinsic shear strength based on the value of the shear modulus, G, for an amorphous solid. He questions which modulus is the correct value to use—the initial small strain value or the value at higher strain (the yield point or the ultimate extension). Further, the temperature and strain-rate dependence of both the yield strength and modulus (however deﬁned) suggests that perhaps the ratio of yield strength to modulus is not a true intrinsic material property. We remark however that the temperature and strain-rate dependence of both the yield stress and the shear modulus are often similar. A related issue is that the modulus is a viscoelastic property, as evidenced by the temperature/strain-rate dependence, and that for most polymers (at least those without a large beta transition near the alpha transition) time–temperature superposition of, for example, the shear relaxation modulus is valid (80). Further, G’Sell and McKenna (81) have shown that the yield stress vs strain rate also seems to obey time–temperature superposition. Hence there is a correlation between the viscoelastic properties and the yield response of polymers, though one that is not generally stated explicitly. We note that some of the models mentioned previously, such as those of Caruthers’ group (41,42), Tervoort and co-workers (40), and Knauss and Emri (35), are (nonlinear) viscoelastic models that have yield arising due to the nonlinear response induced by the material clock (see VISCOELASTICITY).
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Calorimetry and Dilatometry When a polymer is deformed, work is necessarily done in the material. On subsequent unloading, the stress–strain curve does not generally follow the loading curve and the difference in the areas under the two curves gives the net work done on the material (W). This work can be subdivided into work done in changing the internal energy of the material (dU) and heat liberated (Q): W = dU + Q



(42)



By measuring both the heat ﬂow generated during deformation (Q) and the engineering stress–strain data (and from this the quantity W) it is possible to estimate the change in the internal energy of the sample. A pioneer in this ﬁeld of study is Oleinik (also spelled Oleynik) (82). In a series of experiments, samples of polystyrene placed in a calorimeter were compressed to varying levels of strain (up to approximately 40%) and unloaded, and the W and Q were calculated. The total work (W) rises somewhat linearly with applied stress while the amount of heat liberated (Q) rises at an initially slower rate then increases to become parallel to the W curve at a strain of approximately 25%. This means that the stored internal energy (dU) rises at lower strains then plateaus out at strains above 25%, with an inﬂection point at or near the yield strain of 12%. The same effect can be observed by performing DSC tests on previously strained samples. Hasan and Boyce (83) subjected annealed polystyrene to compressive strains up to 170% followed by DSC scans up to and through the glasstransition temperature (T g ). Comparing the results to freshly annealed samples, it was seen that for samples that had been strained, a pre-T g exotherm appeared that increased with increasing compressive strain. This pre-T g exotherm increases in magnitude up to a strain of 25% and remains constant thereafter up to the maximum strain of 170%, in excellent agreement with the data of Oleinik. They also note that the exotherm is spread over a wide temperature range (starting at approximately T g −35◦ C), which they attribute to the distributed nature of the structural state. In addition, there appears to be a similar inﬂection point at a strain near the yield strain (within the range 10–15%). The exact nature of the storage mechanism that is reﬂected in the increase in internal energy remains unclear. Indeed it is not clear that the energy term dU can be considered simply as a storage term, especially at the higher strains where energy could be expended on chain scission or processes akin to phase changes occurring at and above yield. Polymers are inherently viscoelastic, compressible materials and under conditions of dilatational deformation (eg uniaxial tension or compression) a full description of their behavior needs to take into account the volume changes due to, at least, the hydrostatic component of the stress (84). One of the earliest works on volume effects on yielding in glassy polymers was by Whitney and Andrews (85), who examined a range of polymers under uniaxial compression. In the study, the authors observed a volume contraction upon loading up to the yield point, after which the volume remained approximately constant. More recently (86), subyield tension and compression tests were performed on two commercial grades of polycarbonate (PC). These tests were performed under stress relaxation conditions and
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showed that under tension the volume increased somewhat monotonically with strain while under compression the reverse was true, ie the volume decreased monotonically. While the volume at a small strain was found to recover toward the initial state, at strains approaching yield and in tension the material actually densiﬁed to a state of higher density than the undeformed polymer. It was postulated that the mobility that allowed the material to densify was related to its propensity to yield rather than fail in a brittle manner. A number of studies have been performed on the volume evolution during mechanical deformation [eg (87–89)]. Also studies on the changes in “free volume” with deformation using positron annihilation spectroscopy (PALS) (90–92), have been carried out. The reader is referred to the texts for further details.



Computer Modeling With the advent in recent years of increasingly powerful and cheap computing power, molecular modeling of the deformation response of polymers has come to be of increasing importance (76). Molecular mechanics uses the Newtonian equations of motion to calculate the step-wise displacement of individual atoms within a molecule in small time intervals (typically of the order of femtoseconds). On each step, the atom’s position is modiﬁed with reference to its previous state (position, velocity, etc) and taking into consideration, for example, its bond length and bond angle (bonded interactions) and Van der Waals forces (nonbonded interactions) with its nearest neighbor. The system as a whole is then optimized using potential energy functions to determine the equilibrium conformation. Molecular mechanics calculations are performed on systems that are generally considered to have little, if any, thermal energy (ie at low temperature). As such, the optimization procedure may only ﬁnd the conformation representing the local minimum in the energy landscape and this will not necessarily (indeed rarely) be the lowest possible energy. Molecular dynamics, on the other hand, considers not only the force interactions but also the thermal motions of the molecule. By doing so, the molecule is allowed to overcome energy barriers and so explore its surroundings more effectively, assisting in ﬁnding the global energy minimum. Importantly, in molecular dynamics the thermal motion is always active and the molecules tend to oscillate about the energy minimum, giving additional information about the time-dependent motion of the molecules. As noted, the ﬁeld of molecular simulation is relatively new, and a detailed review of it is beyond the scope of this text and we introduce here a few of the more relevant references. One of the ﬁrst applications of molecular mechanics to polymers was by Theodorou and Suter (93,94), who modeled atactic polypropylene as an amorphous cell subjected to a range of stress conditions (hydrostatic pressure, pure strain, and uniaxial strain). Such modeling generally gives reasonable estimates of the elastic constants of a material [within 15% (79)], providing the density of the glass is correctly modeled. Argon and co-workers (95,96) have developed an atomistic mechanics model of polypropylene and related it to experiments performed at a temperature of 10◦ C below the glass-transition temperature. Stress–strain curves calculated after small strain increments showed a series of generally monotonically increasing
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stress versus applied strain sections (elastic response), interspersed with sudden step-wise drops in the load (plastic events). Signiﬁcantly, the authors note that the plastic events are not associated with any deformation process invoked by many of the molecular theories discussed above (ie a sudden conformation or conﬁguration change, a dislocation motion or kink propagation). However, because this was an athermal model, the meaning of these events for a real viscoelastic or viscoplastic polymer is unclear. Computer modeling can clearly help in the understanding of the deformation and yield behavior of polymeric systems by giving an insight into the individual molecular, indeed atomic, movements that occur. However, the simulations are typically run over a few tens of picoseconds at most and in a volume of a few cubic nanometers—such scales of time and dimensions cannot fully capture the processes involved in yield at the present state of development.



Semicrystalline Materials The propensity of a polymer to crystallize is chieﬂy determined by its molecular architecture, speciﬁcally the regularity of the polymer chain. Polymers consisting of the same repeat unit, the simplest example being linear polyethylene, can ﬁt together neatly to form the ordered crystalline phase and typically have 70–80% crystallinity. For polymers where a hydrogen from the ethylene monomer is replaced by a bulky side group [for example the methyl group ( CH3 ) in polypropylene or the phenyl group ( C6 H5 ) in polystyrene], the polymer chain can exist in one of three forms of handedness, or tacticity. If all the side groups lie on the same side of the main chain the material is called isotactic; if they lie in a regularly alternating fashion left and right of the main chain the material is termed syndiotactic; and ﬁnally, if they occur randomly positioned along the main chain they are termed atactic. The least regular, atactic form generally does not crystallize to any degree, while both the isotactic and syndiotactic forms can crystallize, though the degree to which either form does so depends on the structure, polarity of the side group, etc. Early X-ray studies on the structure of Semicrystalline Polymers (qv) showed that the longest dimension of the crystallites was typically of the order of a few tens of nanometers. This is a small fraction of the length of a typical polymer chain, which may be of the order of several thousands of nanometers, and it was originally thought that the polymer chain moved successively between different regions of amorphous and ordered crystalline phases in what is termed the “fringed micelle model.” However, later work on single crystals grown from dilute solutions revealed that the polymer backbone was perpendicular to the longest dimensions of the crystal. Such a structure could only be produced if the polymer chains were folding back upon themselves. The current prevailing view is that the crystalline regions in semi-crystalline polymers are made up of plate-like structures formed from mostly chain-folded molecules. These plate-like structures are termed lamella and are typically some 10–20 nm thick. As the molecules forming the lamella chain fold, they may either reenter adjacent to the current position, reenter at some position farther along the lamella, or stay in the amorphous region. Ultimately, farther along the molecular
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chain, such molecules may enter another lamella thus forming “tie molecules,” akin to entanglements in amorphous polymers. These lamellae may in turn form supramolecular structures called spherulites—aggregations of lamellae forming and growing from a central nucleation point. Below the crystalline melting point, semi-crystalline polymers are then essentially two-phase systems consisting of a stiff, rigid crystal phase embedded in a more ﬂexible amorphous phase. The amorphous phase may be either above its glass-transition temperature (semi-crystalline/rubber) or below it (semicrystalline/glass). The yield behavior of semi-crystalline polymers depends critically on a number of factors, eg the degree of crystallinity, the lamellar thickness and interlamellar spacing, spherulite size, the number of tie molecules and, of course, temperature. That said, however, they still show the same general behavior as depicted in Figure 1: brittle at low temperatures, yield and possible strain hardening at intermediate temperatures, and rubbery or viscous ﬂow behavior at higher temperatures. At temperatures below the T g of the amorphous phase, the crystallites and associated tie molecules can severely reduce the mobility of the polymer chains and thus tend to embrittle the material. This generally leads to a brittle-like failure (Fig. 13, curve A) though at slow enough rates yielding and drawing may be observed (Fig. 13, curve B). At temperatures above the T g of the amorphous phase, the crystallite regions still act to prevent the free movement of the amorphous region and the material does not behave in a rubber-like fashion as would be expected for a pure amorphous polymer. Under these conditions, where the amorphous fraction would not be expected to show a yield point, yield is associated purely with the crystallites. On initial deformation, the crystallites act as hard inclusions, and the strain in the material is carried predominantly within the amorphous fraction. Given that the yield strain in these materials is typically of the order of 0.25 it is unlikely that the (rubbery) network has been sufﬁciently stretched and strain hardened to



Fig. 13. Representative engineering stress–strain curves for a semicrystalline polymer as a function of temperature.
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Fig. 14. Schematic of the strain recovery with respect to the double yield point observed in some semicrystalline materials (stress removed at time 0).



load the crystallites to yield. However, it is expected that the network has been sufﬁciently stretched, such that the tie molecules associated with the lamellae have become taut and so are able to transfer the load to the crystallites. The precise mechanisms associated with the subsequent yield of the crystallites are still not well understood. However, the observation of two yield points (double yield) in polyethylene (97–99) has provided some insight into the molecular processes at work. Up to the ﬁrst yield point, the material is elastic and deformations are fully recoverable (Fig. 14). The ﬁrst yield point occurs at low strains (∼5%) and marks the onset of recoverable deformation. This process has been associated with an interlamellar shear process or martensitic transformation within the lamellae and leads to a reorientation of the lamellae, with little or no destruction of the lamellae themselves. The second yield point occurs at a higher strain (20–50%) and marks the onset of permanent plastic deformation and is generally associated with the formation of a neck. At this point coarse slip occurs within the lamellae leading to fragmentation and destruction of the lamellae themselves. The postyield behavior is largely associated with the amorphous regions and, like a pure amorphous polymer, is controlled by the entangled network. As such, phenomena such as strain hardening and cold drawing are commonly observed as discussed previously (Fig. 13, curve C). Phenomenologically, the rate and temperature dependence of the yield stress of semi-crystalline polymers can be described by the Eyring activated state model, as discussed earlier, with either one (100,101) or two (46,102) activated processes. However, developing a theory for the yield of semi-crystalline polymers is clearly complicated by the presence of two distinct phases. It is unclear at present whether
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the models discussed above are even applicable to the amorphous phase present in semi-crystalline polymers because of the topological constraints that the crystalline regions impose. Nevertheless, in light of the fact that above the T g of the amorphous region, it is the crystallites that dominate the yield behavior the ideas of classical crystal plasticity are obviously attractive. Young (103) developed a theory along such lines in which the energy required to initiate a screw dislocation in the crystal lamellae determines the yield stress. The model correctly predicts the observed linear relation between yield stress and lamellar thickness, though the quantitative agreement with experiment is controversial (104–107). A model has been recently developed (108) wherein the driving force for the screw dislocations are thermally activated “chain twist” defects that transfer along the chain backbone. In the early 1990s Bartczak, Argon, and Cohen conducted a series of tests on what they termed “single-crystal textured high density polyethylene” (109,110). These were samples that had been compressed under plain strain conditions, producing an axisymmetric texture that approximated to a macroscopic single crystal. X-ray scattering studies were conducted on the material at various stages of deformation (up to a strain of 1.86, after recovery) to monitor the structural evolution. The resulting material showed distinct crystallographic features indicating unique crystallographic planes, with the c-axis of the crystallites aligned along the ﬂow direction (indicating that the lamellae are, broadly speaking, oriented perpendicular to the ﬂow direction). Samples were then cut from the textured samples at particular orientations in order to investigate speciﬁc deformation mechanisms. Signiﬁcant differences in the stress–strain response of samples tested at differing angles to the chain axis were observed under both tension and compression. The papers offer considerable insight into the contribution from different crystallographic deformation mechanisms. Interestingly, when such mechanisms could be isolated, it was found that the Coulomb criterion was an adequate description of the yield surface. The speciﬁcs of the various deformation mechanisms and their relation to the speciﬁc crystallographic planes is beyond the scope of this article, and the reader is referred to the original papers (109,110) for details.



Crazing The previous section was concerned with what may be termed “macroscopic yield,” which is the shear yield over an entire sample ligament area (albeit localized in the case of neck formation). Another mode of deformation that is commonly observed in thermoplastics is that of crazing. Unlike the shear yielding discussed above, crazing is a microscopically localized phenomenon. The crazes that result from the localized process can be looked upon as load-bearing cracks, where the loadbearing capacity is provided by highly drawn ﬁbrils of material spanning the two interfaces. This is a unique aspect of crazing in polymers as the ﬁbrils can support the crack and help prevent or delay failure. Crazing generally occurs where the stress on the sample has become highly concentrated owing to, for example, surface defects such as ﬂaws, scratches, or inclusions within the material such as dust or other contaminants. Crazes can also occur in homogenous polymers, ie those without any contaminants or additives
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and which are ﬂaw-free. An elegant series of experiments by Argon and co-workers (111) using samples carefully prepared from single pellets has shown that crazing can still occur without any tell tale origins relating to contaminants, a behavior denoted as “intrinsic crazing.” While no obvious cause for the craze nucleation may be evident, it must nevertheless originate at a particular point because of an intrinsic local heterogeneity in the molecular structure, such as a local density variation. The stress required to craze such samples is higher than that observed in bulk (and implicitly contaminated) samples and indicates that while ﬂaws or inclusions are not a necessary condition for crazing, they do lead to premature crazing. The appearance of crazes in a material is generally a precursor to brittle failure. While such a mode is normally to be avoided, the presence of crazes can provide some beneﬁcial effects. Because the crazes contain highly drawn ﬁbrils of material, considerable plastic deformation and hence energy goes in to their formation and this can be a major source of fracture toughness. Indeed, the deliberate inclusion of small, typically rubber, particles into inherently brittle polymers is commonly undertaken to produce tough materials (112–115), because the presence of the particles dramatically increases the craze density. The following is a brief overview of the subject matter which introduces the reader to the main features of craze morphology and current theories on their initiation, growth, and failure. The reader is pointed in particular to excellent reviews on many aspects of crazing by Kramer (116), Kramer and Berger (117), Kambour (118), and Donald (119,120), and much of the subsequent discussion follows the development in those reviews. Crazing in polymers follows three distinct stages: craze initiation where the craze is nucleated, craze growth where the craze continues to grow in a direction perpendicular to the applied stress, and ﬁnally craze failure, the precursor to ultimate failure. Before discussing these three aspects of crazing, a general overview of craze morphology is given to familiarize the reader with the structure of the craze and the salient features involved in craze growth. The speciﬁc details and evolution of the structures are discussed in the relevant subsequent sections. Craze Morphology. Figure 15 shows a schematic of craze nucleation and growth. The presence of an intrinsic or extrinsic heterogeneity causes the bulk stress to be locally modiﬁed. This results in an increase in the local triaxial stress ﬁeld and forms a localized plastic zone (Fig. 15a). Small voids form in this plastic zone and, as the voids grow, they eventually coalesce with the original material between the voids forming the ﬁbrils (Fig. 15b). The ﬁnal craze structure (Fig. 15c) consists of the two surfaces bridged by a network of ﬁbrils of drawn (highly anisotropic) polymer with a voided region at the craze tip from which craze growth may continue. Such ﬁbrils typically have a diameter of a few tens of nanometers and a length (craze thickness) of the order of a micron. As the craze continues to grow, the ﬁbrils extend by either a creep mechanism or by drawing in additional material from the bulk–ﬁbril interface (Fig. 16) under the inﬂuence of the local stress at the craze boundary (σ CR ), which is typically slightly lower (∼5%) than the applied bulk stress (σ B ) (Fig. 17, after Reference 121—the data shown is for an isolated craze in an “inﬁnite” sheet, points on the x-axis denoting the distance from the centerline of the craze and is of course symmetrical about that line). Eventually a failure criterion is reached and the ﬁbrils fail. The loss of the load-bearing
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Fig. 15. Schematic of (a) void formation, (b) craze initiation, and (c) craze growth.



Fig. 16. Craze morphology and possible growth mechanisms.
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Fig. 17. Craze surface stress as a function of position from the craze centre for polystyrene. After Lauterwasser and Kramer (121), with permission of Taylor and Francis Ltd., http://www.tandf.cp.uk/journals.



capacity of the failed ﬁbrils means the neighboring ﬁbrils are subjected to an additional load and this can, under certain circumstances, lead to a runaway failure of the ﬁbrils, true crack formation, and ultimately brittle failure. Crazes also normally occur at surface crack tips. The presence of a crack causes a geometrically imposed increase in the local stress (stress concentration), which results in a dilatational stress ﬁeld. This in turn leads to the formation of a local plastic zone and, in a manner similar to the above, to cavitation and the formation of a craze. The general features of a surface craze are the same as those of an internal craze (Fig. 15), though with the obvious lack of symmetry owing to the presence of the crack. Such crazes tend to stabilize a crack by blunting the crack tip, reducing the stress concentration while retaining a load-bearing capacity. We now look in more detail at the individual stages of craze formation and subsequent growth.



Craze Initiation Unlike the shear yield process, crazing is an inherently non-isovolume event. Cavitation of the material requires a dilatational component of the stress tensor, such as occurs in triaxial stress systems that may be found in samples subjected to plane strain conditions. In addition, it is found in practice that there is a time dependency on the appearance of crazing. That is, there is generally a time delay between application of the load and the ﬁrst visible appearance of a craze. A number of models have been proposed which require either a critical cavitation stress, a critical strain, or the presence of inherent microvoids, which can grow under the applied local stress or strain. Sternstein and Ongchin (1969). Considering that cavitation was required for craze nucleation, Sternstein and Ongchin (122) postulated that it is
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the dilatational component of the stress tensor along with a stress bias σ b (ﬂow stress) that controls craze initiation: σb = A +



B I1



(43a)



where for plane stress, σ b = σ 1 − σ 2 , and I1 = σ1 + σ1 + σ1 = 3p>0



(43b)



where I1 is the ﬁrst stress invariant ie the dilatational component of the stress tensor. A and B are temperature-dependent constants. We note that under this criterion, crazing will not occur under pure hydrostatic tension (σ 1 = σ 2 = σ 3 ), pure shear stress [(σ 1 + σ 2 + σ 3 )/3 = 0, I1 = 0], or compressive stress states (I1 < 0). The model was extended beyond the speciﬁc case of plane (or biaxial) stress conditions to a general three-dimensional case by Sternstein and Meyers (123). Because they are essentially empirical, the Sternstein et al models have several shortcomings: (1) the stress bias, σ 1 − σ 2 , is related to the shear stress and it is difﬁcult to reconcile a shear stress component controlling initiation of a craze in a direction perpendicular to the principal stress component σ 1 , (2) the parameters A and B have no direct or obvious physical interpretation, (3) no time dependency for the initiation of crazes. Gent (1970). Gent (124) proposed a model in which the hydrostatic tensile stress at an inclusion or local heterogeneity increases the free volume and therefore effectively reduces the T g of the material. At a sufﬁciently high stress concentration, the reduction in T g is sufﬁcient to reduce the local T g to the test temperature. The reduced yield stress of the material in this rubber-like phase and the hydrostatic tensile stress then leads to cavitation and craze initiation. Implicit in this free-volume approach is that an imposed hydrostatic pressure will tend to prevent the formation of crazes in accordance with experimental observation. The criterion is summarized in the equation for the critical applied stress for initiation, σ c : σc =



β(Tg − T) + P k



(44)



where T g is the glass temperature of the material, T is the test temperature, P is the bulk hydrostatic pressure, k is the stress concentration, and β is a constant related to the pressure dependence of T g , and has a value of approximately 5 MPa/K. However, the inferred stress concentrations, k, required to induce crazing at room temperature were unrealistically large (of the order of 20) and the authors acknowledge it is a factor not easily accessible to experimental techniques. In addition, Lauterwasser and Kramer (121) calculated the reduction in T g at the crack tip due to the imposed hydrostatic stress. Using the data in Figure 15 they calculated the hydrostatic pressure term to be one third of the bulk stress (σ bulk = approximately 30 MPa) plus the additional surface stress at the craze tip of approximately 5 MPa, giving a total of 15 MPa. Using a value of 1◦ C/5 MPa for the
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pressure dependence of T g , they estimated the reduction in T g at the crack tip to be a modest 3◦ C, certainly not enough to reduce the local T g to the test temperature. Oxborough and Bowden (1973). Addressing the lack of generality in terms of the usable stress states in the original Sternstein and Ongchin paper (122), which was limited to plane stress conditions, and concerns as to the physical interpretation of the critical stress (stress bias σ b = σ 1 − σ 2 ) Oxborough and Bowden(125) proposed a criterion for craze initiation based on a critical strain. The form of the criterion is identical to that in the Sternstein and Ongchin paper, with the critical stress σ b replaced by a critical strain ε c : 



Y εc = X + I1 



(45) 







where I1 is again the ﬁrst stress invariant and X and Y are time- and temperature-dependent variables. Noting that under a general stress state the maximum strain is in the direction of the principal stress and is given by ε1 =



1 (σ1 − νσ2 − νσ3 ) E



(46)



ν is the Poisson’s ratio and assuming that crazing occurs at the critical strain given by equation 45, they derived a criterion for crazing that is written in terms of the principal stresses: σ1 − νσ2 − νσ3 = 







X +Y σ1 + σ2 + σ3



(47)



where X = EX and Y = EY . Using this criterion, Bowden and Oxborough could successfully ﬁt the crazing data of Sternstein and Ongchin as well as their own data on four grades of polystyrene. Further, their data showed that the critical strain for crazing decreased with an increasing component of tensile hydrostatic stress and also decreased with increasing load time. Both the X and Y ﬁtting parameters were shown to decrease with increasing temperature. The Y parameter also decreased with increasing load time, though the X parameter appeared to be relatively insensitive to loading time. Ultimately however, the X and Y parameters remain curve-ﬁtting variables and offer little insight into the mechanisms or underlying structural parameters controlling craze initiation/growth. Argon and Hannoosh (1977). The apparent time dependence for craze initiation after initial loading suggests the possibility that a thermally activated process may control initiation. Argon and co-workers (111,126,127) suggested a mechanism which considered that craze initiation occurs when a critical porosity is reached. The initial microscopic pores are formed when thermally activated micro-shear bands are blocked, the resulting local strain energy being sufﬁcient to provide the surface energy for the formation of a microcrack. Allowing for additional free energy to form a stable pore, Argon and co-workers (111,126) derived
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the following expression for the free energy required for pore formation: ∗ Gpore = (0.15)2 π (G/τ )(µφ 3 ) + αL3 σY



(48)



where G is the shear modulus at the test temperature, τ the shear stress, ϕ a dimension related to the size of the sheared region (typically of the order of a molecular diameter), σ Y the yield strength, L a length scale related to the spacing of molecular inhomogeneities, and α a factor of the order of 0.1. By considering the local stress ﬁeld at an inclusion or groove and by taking the deviatoric stress, s, to be largest for a groove perpendicular to the maximum principal tensile stress, an expression was derived for the increase in the local porosity β as a function of time t, given by ∗ (s)/kT) β = β˙ 0 t exp( − Gpore



(49)



where β˙ 0 is a pre-factor characteristic of the vibrational frequency of the sheared region. Following these arguments, two criteria for the negative pressure p and the critical initial porosity β i required for the expansion of the pores was determined (126): 



   2σY 1 p= ln Q 3 β βi 
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