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A note on fracture criteria for interface fracture LESLIE BANKS-SILLS and DANA ASHKENAZI The Dreszer Fracture Mechanics Laboratory, Department of Solid Mechanics, Materials and Structures, The Fleischman Faculty of Engineering, Tel Aviv University, 69978 Ramat Aviv, Israel (Fax: +972-3-640-7617; e-mail: [email protected]) Received 4 January 1999; accepted in revised form 3 November 1999 Abstract. Several criteria for interface fracture are examined and compared to test results obtained from glass/epoxy specimens. These include two energy release rate criteria, a critical hoop stress criterion and a critical shear stress criterion. In addition, approximate plastic zone size and shape within the epoxy are determined for these tests. Keywords: Fracture criteria, interface fracture mechanics, interface fracture toughness



1. Introduction The problem of a crack propagating along an interface between two materials is of great importance to industry. In this paper, four interface fracture criteria will be examined and compared with interface fracture toughness values obtained for a glass/epoxy pair. Before proceeding, relevant concepts related to interface cracks are presented. In two dimensions and referring to Figure 1, the in-plane stresses in the neighborhood of a crack tip at an interface are given by i 1 h (1) (2) σαβ = √ (θ, ) + Im(Kr i ) 6αβ (θ, ) , (1) Re(Kr i ) 6αβ 2π r √ where α, β = x, y, i = −1, the complex stress intensity factor



and



K = K1 + iK2



(2)



  1 κ1 µ2 + µ1 = . ln 2π κ2 µ1 + µ2



(3)



In (3), µi are the shear moduli of the upper and lower materials, respectively, κi = 3 − 4νi for plane strain and (3 − νi )/(1 + νi ) for generalized plane stress, and νi are Poisson’s ratio. (1) (2) The stress functions 6αβ and 6αβ are given in polar coordinates by Rice, et al. (1990) and in Cartesian coordinates by Deng (1993). The complex stress intensity factor in (2) may be written as Kˆ = KLi



(4)



so that its units are the usual units for stress intensity factors in a homogeneous body and L is an arbitrary length parameter. Hutchinson and Suo (1991) have suggested taking L as a measurement of the crack tip process zone, for example. This complex stress intensity factor may be written as
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Figure 1. Crack tip coordinates.



Kˆ = Kˆ ei9 so that the phase angle     Im(K Li ) σ12 9 = arctan . = arctan Re(K Li ) σ22 θ=0,r=L



(5)



(6)



The interface energy release rate Gi is related to the stress intensity factors by Gi =



 1 K12 + K22 , H



(7)



where 1 1/E¯ 1 + 1/E¯ 2 = H 2 cosh2 π 



(8)



E¯ i = Ei /(1 − νi2 ) for plane strain conditions and Ei for generalized plane stress. Note that the subscript i in (7) represents interface and Gi has units of force per length. It should be noted that inherently for any interface both K1 and K2 must be prescribed or equivalently Gi and 9. In describing an interface crack propagation criterion, one may prescribe a relation between K1 and K2 or what is commonly done, the critical energy release rate Gic is given as a function of the phase angle 9. In Section 2, four interface fracture criteria are presented. These include two energy release rate criteria, a critical hoop stress criterion and a critical shear stress criterion. They are compared in Section 3 to results obtained by Banks-Sills et al. (1999) for a glass/epoxy interface. The two energy release rate criteria are also compared to experimental results obtained by Liechti and Chai (1992) on a glass/epoxy pair. Plastic zones for the former specimens will be described in Section 4. 2. Interface fracture criteria In this section, four interface fracture criteria are considered. The first, based on the energy release rate, may be obtained by manipulating eqs. (4), (6) and (7) to obtain  Gic = G1 1 + tan2 9 , (9) where G1 ≡ Kˆ 12 /H . Derivation of this expression is presented in the Appendix. This criterion is similar in form to empirical expressions presented by Hutchinson and Suo (1991). There are



Interface fracture criteria 179 two parameters required to employ (9): L and G1 . It is assumed that the length parameter L in (6) is chosen so that the experimental Gic data are approximately centered about the ordinate. In addition, L is chosen here to be well within the K-dominance region. Two techniques to obtain G1 , will be presented in the next section. With that value, Gic is determined in (9) as a function of 9. Another energy release rate criterion was presented by Charalambides, et al. (1992). They assumed that fracture is caused by a mode I energy release rate G0 which is composed of two parts, namely G0 = G1 + sin2 ω G2 .



(10)



In (10), ω represents the surface roughness slope which causes G2 to contribute to a mode I component. According to the authors, the fracture criterion is given by   G0 = Gic cos2 (9 − 90 ) + sin2 ω sin2 (9 − 90 ) . (11) In order to employ this criterion, three experimental observations are required to determine G0 , ω and the bimaterial phase shift 90 . For the bimaterial pair of glass and epoxy being considered in this study with a very smooth interface, the roughness slope ω may be taken to be zero. Hence from (10), G0 = G1 and (11) becomes Gic =



G1 , − 90 )



cos2 (9



(12)



which may be rewritten as Gic = G1 [1 + tan2 (9 − 90 )] .



(13)



Equation (13) may be compared to (9). It may be observed that they are essentially the same except for the phase shift 90 . This is a third free parameter which may be determined from another experimental observation. It may be noted that the effect of the phase shift 90 is essentially the same as choosing another value for the length parameter L. The next criterion considered is the critical hoop stress criterion which was employed by Thurston and Zehnder (1996) for tests of a specimen containing a nickel interface between two alumina substrates. It is hypothesized that the crack will propagate when the hoop stress σθθ reaches a critical value at a distance from the crack tip r = r0 along the interface. Substituting θ = 0 and r = r0 into the appropriate stress component in (1) yields σθθ = √



1 Re(Kr0i ) . 2π r0



(14)



Values of σθθ are obtained for each test by employing K1 and K2 determined at fracture. The average value is designated as σθθ |crit . To implement this criterion, two equations are written for the unknowns K1 and K2 : Equation (14) with σθθ = σθθ |crit and Equation (6). Values of 9 between −π/2 and π/2 are substituted into (6). After obtaining K1 and K2 for each value of 9, Gic is found from (7). The equivalence of this criterion and the energy release rate criterion in (9) may be obtained when r0 = L, so that  1 1 σθθ crit = √ Re KLi = √ Kˆ 1 . 2π L 2π L Employing eqs. (22) and (6) yields



(15)



180 L. Banks-Sills and D. Ashkenazi Table 1. Material properties of specimen components, Banks-Sills et al. (1999) material



E (GPa)



ν



α × 10−6 /◦ C



glass epoxy aluminum



73.0 2.9 70.0



0.22 0.29 0.33



8.0 73.0 23.5



Figure 2. Brazilian disk bimaterial specimen composed of glass, epoxy and an aluminum arc.



Gic =



2 2π L σθθ crit H



 1 + tan2 9 .



(16)



When r0 6 = L, there is a phase shift 90 yielding the energy release rate criterion in (13). The last criterion examined is a critical shear stress criterion. Here it is proposed that the crack will propagate when the shear stress σrθ reaches a critical value at a distance from the crack tip r = r0 along the interface. From (1), for θ = 0 and r = r0 , σrθ = √



1 Im(Kr0i ) . 2π r0



(17)



The critical value σrθ |crit is a function of the phase angle 9. Implementation is similar to that of the previous criterion. 3. Test results Tests were carried out by Banks-Sills et al. (1999) on bimaterial Brazilian disk specimens composed of glass and epoxy (see Figure 2). The epoxy was surrounded by an aluminum arc in order to produce compressive residual stresses at the specimen edges. Residual curing stresses were accounted for. The nominal specimen dimensions were radius R = 20 mm and thickness t = 8 mm. Material properties are presented in Table 1. The value of  in (3) is



Interface fracture criteria 181



Figure 3. Critical interface energy release rate for glass/epoxy. The phase angle 9 is calculated from (6) with L = 600 µm. Four failure criteria are plotted.



−0.08796. The test results are exhibited in Figure 3 with four criteria. There are twenty-five test results shown in this figure. The results are approximately centered about 9 = 0 by taking L = 600 µm. For the criterion in (9), there are two ways to determine G1 . One way is to visually observe the value of Gic when 9 = 0; in this case, this value is chosen from Figure 3 to be 5.4 N m−1 . So that, G1 = Gic for 9 = 0. Substituting G1 = 5.4 N m−1 into (9), one may then employ (9) as a failure criterion. A second method, and the one employed here, is to plot values of Kˆ 1 and Kˆ 2 from the experiments as shown in Figure 4. It turns out that they may be fit by a straight line which has been constrained parallel to the Kˆ 2 –axis. Similar behavior was observed by Wang (1997) for glued adherends. The value obtained in Figure 4 is Kˆ 1 = 184.4 kN m−3/2 . This leads to a value of G1 = 5.12 Nm−1 which differs by 5.5% from the visual value. The two fracture criteria are exhibited together in Figure 5. The solid curve appears to fit the data better. This value of G1 = 5.12 N m−1 is substituted into (9) and plotted as the solid curve in Figure 3. For the energy release rate criterion in (13), G1 is taken to be 5.12 N m−1 . The phase shift 90 is determined as 0.053 from the data point Gic = 33.8 N m−1 and 9 = 1.22. This curve is plotted in Figure 3 as the dot-dashed line. It is not necessary to have all the data that was employed in Figure 4 to determine G1 . Only two data points are necessary to obtain G1 and 90 . This criterion fits the data better than that given in (9). It may be noted, however, that with a choice of L = 1100 µm, one would obtain nearly the same fit. As will be seen below, this value of L may be considered to be near the outer edge of the K-dominance zone and, hence, was not chosen here. For the critical hoop stress criterion, the values of σθθ may be determined at various distances r0 from the crack tip, along the interface. For a particular value of r0 , the stress σθθ is calculated from (14) for each test. These values are averaged to produce σθθ |crit . For example, for r0 = 1000 µm, these values are plotted in Figure 6. Values of σθθ |crit are presented in Table 2 for several values of r0 . Choosing a distance ‘too close’ or ‘too far’ from the crack
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Figure 4. Graph of Kˆ 1 vs Kˆ 2 at fracture.



Figure 5. Critical interface energy release rate for glass/epoxy. The phase angle 9 is calculated from (6) with L = 600 µm. Two critical energy release rate failure curves are plotted by means of Equation (9).



Interface fracture criteria 183 Table 2. Values of σθθ |crit for various distances r0 ahead of the crack along the interface r0 (µm)



σθθ |crit (MPa)



S.D. (MPa)



300 500 700 1000



4.3 3.3 2.8 2.3



0.92 0.65 0.53 0.43



Figure 6. Graph of σθθ at fracture along the interface at a distance r0 = 1000 µm from the crack tip.



tip invalidates use of (14). Next, two equations are solved simultaneously for K1 and K2 . Equation (14) is one equation with σθθ = σθθ |crit . The second is (6) with a 9 value between −π/2 and π/2. Values of 9 are varied between −π/2 and π/2 so as to determine K1 and K2 . Substituting these values into (7) yields a relation between Gic and 9. For each distance r0 , a different failure curve is obtained. These are exhibited in Figure 7. The shift observed in Figure 7 was noted by Geubelle and Knauss (1994) for a crack growing along or out of an interface. The ‘best fit’ is obtained for r0 = 1000 µm. This would appear to be outside the plastic zone (which is discussed in the next section) but still within the K–dominance zone. For θ = 5◦ and a/R = 0.5 (see Figure 2), the stress σθθ from finite element results and the first term of the asymptotic expansion were compared. It was found that there is a 5% difference between them at a distance r = 1100 µm along the interface. The radius r0 = 1000 µm can still be considered to be within the region of K–dominance. The failure curve for r0 = 1000 µm is plotted as the dashed curve in Figure 3. Finally, a critical shear stress criterion is employed to determined a failure curve. As with the previous criterion, for each test, a value of σrθ is found at a distance r0 ahead of the crack tip along the interface. These values, obtained by substituting K1 and K2 at fracture into (17), are exhibited in Figure 8 for r0 = 1000 µm. It may be observed that these values vary as
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Figure 7. Failure curves obtained by means of the critical hoop stress criterion for various values of r0 and L = 600 µm.



Figure 8. Graph of σrθ at fracture along the interface at a distance r0 = 1000 µm from the crack tip.



the phase angle 9 changes. Hence, there is not a single critical value for σrθ , which perhaps invalidates this criterion. Nevertheless, these points were fit with the curve σrθ |crit = A + B tan 9,



(18)



where A = −0.0953 MPa and B = 2.138 MPa which is also shown in Figure 8. This empirical expression is motivated by the relation between σrθ , σθθ and 9 for θ = 0 in Equation (6). It may be noted that for θ = 5◦ and a/R = 0.5 comparison of finite element results and the first term of the asymptotic expansion showed a difference of 10% for σrθ at a distance of r = 1200 µm along the interface. Employing (6), (17) and (18) yields values of K1 and K2
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Figure 9. Failure curves obtained by means of the critical shear stress criterion for various values of r0 and L = 600 µm.



for each value of 9. These in turn are substituted into (7) to obtain Gic as a function of 9. For several values of r0 , failure curves are determined. These are exhibited in Figure 9. As with the critical hoop stress criterion, the choice of r0 changes the failure curve. The dotted curve in Figure 3 is the result for r0 = 1000 µm. It may be observed further that the critical shear stress criterion coincides with the critical hoop stress criterion by assuming from Equation (6) σrθ |crit = σθθ |crit tan 9



(19)



at r0 = L. For r0 6 = L, the phase angle 9 may be shifted appropriately, leading to (18). It becomes clear that a single critical hoop stress at a given distance ahead of the crack tip may be defined (see Figure 6). But from Equation (6), the stress σrθ , indeed, depends upon 9 as seen in Figure 8. Another comparison was made with experimental results presented by Liechti and Chai (1992) also for a glass/epoxy combination but with  = 0.0605. Their results may be approximately centered with respect to 9 = 0 with L = 800 µm. The energy release rate criteria in (9) and (13) are employed for comparison and exhibited in Figure 10. The value of Gic for 9 = 0 was visually taken to be 3.7 N m−1 . The data point Gic = 24.5 N m−1 for 9 = 1.20 was employed to determine 90 as 0.0297. The fit here is not as good as in Figure 3. There appears to be more asymmetry in the results in Figure 10. Perhaps this is a result of more contact and friction induced in the specimen employed by Liechti and Chai (1992) than that employed by Banks-Sills et al. (1999) where there was no contact noted for most tests. In addition, residual stresses were neglected by Liechti and Chai. Nonetheless, both criteria produce respectable results.
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Figure 10. Critical interface energy release rate for glass/epoxy from Liechti and Chai (1992) with L = 800 µm.



4. Plastic zone In this section, plastic zone shapes and sizes about the crack tip in the epoxy material are estimated. The von Mises yield criterion is given by (σ1 − σ2 )2 + (σ2 − σ3 )2 + (σ3 − σ1 )2 = 2σY2



(20)



where σi , i = 1, 2, 3 are the principal stresses and σY is the yield stress. As is typically done for homogeneous material, an approximate plastic zone may be obtained by substituting the elastic solution into (20). From (1) and the assumption of plane strain conditions, the principal stresses are obtained. These are substituted into (20) to obtain r as a function of θ, K1 , K2 and . This was done iteratively to determine the plastic radius rp as a function of θ. For each test, the plastic zone is obtained by substituting K1 and K2 at fracture into (20). A sample of plastic zones is illustrated in Figure 11. It may be observed that for large negative values of 9, the plastic zone appears as in a mixed-mode field in a homogeneous material. As 9 increases, the field changes, approaching a mode I character for 9 = −0.7 and −0.4. Then the zone begins to rotate until for the largest 9 value of 1.2, a fully mode II characteristic shape is obtained. The largest plastic zone radius rp = 131 µm is found for this specimen. This is well within a small scale yielding regime. The smallest plastic zone radius is found for 9 = −0.4 where the maximum plastic zone radius is rp = 2.9 µm. In the cases where the plastic zones are largest, the Gic values are greatest. This was observed by Swadener and Liechti (1998) for an epoxy layer sandwiched between two differing adherends. In that study, an elasto-plastic finite element analysis was carried out which demonstrated that larger plastic zone sizes are responsible for the increase in Gic with increasing phase angle |9|. For all bimaterial tests, one finds this behavioral relation between the critical interface energy release rate and phase angle. It would appear that the mechanism in this study, for this material pair and interface, is the plastic behavior of the epoxy. In Swadener and Liechti (1998), it was also observed that the Gic values were asymmetric with respect to
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Figure 11. Plastic zones for various values of 9 (L = 600 µm).



9. This was seen, as well, in Liechti and Chai (1992) for glass/epoxy specimens. The results presented in this study do not demonstrate a clear asymmetric behavior. 5. Summary and discussion Four fracture criteria for interface toughness were presented. These include energy release rate, critical hoop stress and critical shear stress criteria. The two energy release rate criteria differed by a phase shift which is actually equivalent to changing the length parameter L. In this investigation, this parameter was chosen to be well within the zone of K-dominance. The critical hoop stress criterion is equivalent to the first of the energy release rate criteria, Equation (9), when the distance r0 , ahead of the crack tip at which σθθ |crit is determined, is chosen as L. The critical shear stress at a distance r0 ahead of the crack tip is a function of σθθ |crit and the phase angle 9. So that, there are many values for σrθ |crit , perhaps, invalidating this criterion. All criteria fit the experimental data well in Figure 3, particularly, the energy release rate criterion in (13) and the critical stress criteria. Both the critical hoop stress and critical shear stress criterion have a free parameter r0 . This is the distance ahead of the crack tip along the interface at which each stress is calculated. It was found for both criteria that the ‘best fit’ is for r0 = 1000 µm. This value of r0 is near the outer edge of the K–dominance zone. But there are other values of r0 which may be chosen and the fit will not be as good. Although these criteria may be shown to be equivalent to the energy release rate criteria, the proper choice of



188 L. Banks-Sills and D. Ashkenazi r0 is required. This cannot be known unless test data for the full range of 9 are obtained. The energy release rate criterion in (9) also requires a full range of test data in order to choose the length parameter L to center the curve. Hence, these criteria are less desirable. The energy release rate criterion in (13) has three free parameters: L, G1 and 90 . The parameter L may be arbitrarily chosen and the other two may be obtained from as few as two Gic tests at different phase angles. So that, it appears that this energy release rate criterion is preferable to the other three criteria. Acknowledgment We would like to thank the reviewers for their insightful comments, especially the addition of the equivalence between the critical hoop stress and energy release rate criteria. Appendix The energy release rate criterion in (9) is derived here. Substituting (4) into (7) yields  1  ˆ2 Gi = K1 + Kˆ 22 H so that  !2  2 ˆ ˆ K K2  Gi = 1 1 + . H Kˆ 1 Employing G1 ≡ Kˆ 12 /H and (6) leads to  Gi = G1 1 + tan2 9 .



(21)



(22)



(23)
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