









	
 Home

	 Add Document
	 Sign In
	 Create An Account





















































	
 Viewer

	
 Transcript













International Journal of Fracture 99: 143–160, 1999. © 1999 Kluwer Academic Publishers. Printed in the Netherlands.



A methodology for measuring interface fracture properties of composite materials LESLIE BANKS-SILLS, NAHUM TRAVITZKY, DANA ASHKENAZI and RAMI ELIASI Tel Aviv University, Department of Solid Mechanics, Materials and Structures, The Fleischman Faculty of Engineering, 69978 Ramat Aviv, Israel. e-mail: [email protected] Received 9 January 1998; accepted in revised form 20 October 1998 Abstract. A methodology is presented for measuring interface fracture properties of composite materials. A bimaterial Brazilian disk specimen with a crack along the interface is employed. The specimen is analyzed by means of the finite element method and a conservative integral to determine stress intensity factors as a function of loading angle and crack length. A weight function is employed to determine the effect of residual curing stresses on the stress intensity factors. These are combined to determine the critical interface energy release rate Gic as a function of stress intensity phase angle 9 for tests carried out on a glass/epoxy material pair. Key words: Interface fracture mechanics, weight function, finite elements, conservative integral, interface fracture toughness.



1. Introduction The behavior of an interface between two materials has been receiving increased attention in the last several years. Often, cracks develop at or just below an interface between two materials or a bond. Beginning with two papers, one by Rice (1988) and the other by Hutchinson (1990), a sound methodology for considering a crack at an interface was suggested. Following these papers, specimens have been proposed and some tests carried out in order to measure interface material properties (Charalambides et al., 1989; Cao and Evans, 1989; Liechti and Chai, 1991). 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 σαβ = √



1 2π r



(1) (2) (θ) + Im(Kr iε )6αβ (θ)], [Re(Kr iε )6αβ



where α, β = x, y, i =



√



(1)



−1, the complex stress intensity factor



K = K1 + iK2



(2)



and



  1 κ1 µ2 + µ1 ε= . 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.
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Figure 1. Crack tip coordinates. (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 in nondimensional form as



KLiε K˜ = √ , σ πL



(4)



where L is an arbitrary length parameter and σ is the applied stress. Hutchinson and Suo (1991) have suggested taking L as a measurement of the crack tip process zone, for example. For analytical or numerical studies of a particular geometry, it is preferable to take L as a geometric dimension. The nondimensional complex stress intensity factor may be written as ˜ i9 , K˜ = |K|e so that the phase angle   Im(KLiε ) 9 = arctan . Re(KLiε )



(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 ε



(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 developing a methodology for measuring interface fracture toughness Gic , the Brazilian disk specimen shown in Figure 2 was chosen. This specimen leads to a wide range of mixed mode values. The two materials selected for these tests are glass and epoxy; glass is a ceramic and the epoxy chosen is brittle.
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Figure 2. Brazilian disk bimaterial specimen composed of glass, epoxy and an aluminum arc. Table 1. Material properties of specimen components. 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



In Section 2, methods for analyzing the specimen when subjected to an applied load and results of the analyses are presented. The finite element method is employed with a conservative area integral to determine stress intensity factors as a function of applied loading angle and crack length. The effect of the residual stresses on the stress intensity factors is presented in Section 3. For these analyses, a weight function is employed. The test procedure is described in Section 4, together with the test results. 2. Finite element analysis of the bimaterial Brazilian disk specimen The finite element method is employed to determine values of the stress intensity factors K1 and K2 for the specimen illustrated in Figure 2. One half of the specimen is glass and the other is epoxy. The epoxy is supported by an aluminum arc which is attached during curing. The properties of these materials are given in Table 1. Analyses are carried out in plane strain with the finite element program ADINA (1995). 2.1. A METHOD FOR DETERMINING K1 AND K2 A conservative integral, the M-integral, is employed for obtaining the stress intensity factors K1 and K2 for various loading angles θ and nondimensional crack lengths a/R where R is the specimen radius (see Figure 2).



146 Leslie Banks-Sills et al. The path independent line M-integral was introduced by Yau et al. (1980) and Wang and Yau (1981) for separating mixed mode stress intensity factors in both homogeneous and bimaterial crack problems and is employed here. Following Li et al. (1985) for the J -integral, the line M-integral may be converted into an area integral as # Z " (2) (1) ∂u ∂u ∂q1 M (1,2) = σij(1) i + σij(2) i − W (1,2)δ1j dA. (9) ∂x1 ∂x1 ∂xj A In (9), indicial notation is employed, the superscripts (1) and (2) represent two solutions and δ is the Kronecker delta. The mutual strain energy density W (1,2) of the two solutions is given by W (1,2) = σij(1)εij(2) = σij(2)εij(1) .



(10)



The function q1 will be described shortly. It has also been shown that (Matos et al., 1989) M (1,2) =



2 (1) (2) [K1 K1 + K2(1) K2(2) ]. H



(11)



In (9) and (11), problem (1) is that for which a solution is sought. Following Yau et al. (1980), two auxiliary solutions are required in order to determine both K1 and K2 for this problem. Details are presented in Appendix 1. In (9), the function q1 is defined as (Banks-Sills and Sherman, 1992) q1 =



8 X



Nm (ξ, η)q1m ,



(12)



m=1



where Nm are the finite element shape functions of an eight noded isoparametric element and ξ and η are the coordinates in the parent element. At the crack tip, quarter-point elements are employed, so that a square root singularity is being modeled. From (1) the actual stresses behave as r iε σ ∼√ . r



(13)



Thus, the stresses have both a square root and an oscillating singularity. Indeed, the quarterpoint element does not precisely model the actual stress behavior at the crack tip. The calculation of the M-integral is carried out in a ring of elements (the third ring) at a distance from the crack tip. This was seen to produce better results as compared to performing calculations within the crack tip elements. The elements within the ring move as a rigid body. For each of these elements q1 is unity; so that, the derivative of q1 with respect to xj is zero. For all elements outside the ring, q1 is zero; so that, again the derivative of q1 is zero. For elements belonging to the ring, the vector q1m in (12) is chosen so that the virtual crack extension does not disturb the relative nodal point positions in their new locations; for example, a regular element with nodes at the mid-sides contains only mid-side nodes after distortion (see Banks-Sills and Sherman (1992) for details). Several test geometries were considered with the method outlined above. It was observed that for sufficiently short cracks in ‘infinite’ bodies, stress intensity factors agreed to within 2 percent of those in the literature.
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Figure 3. Finite element mesh of glass/epoxy specimen.



2.2. STRESS INTENSITY FACTORS FOR APPLIED LOADING The Brazilian disk specimen illustrated in Figure 2 is being analyzed in order to determine calibration equations for carrying out experiments. Material (1) is taken to be glass and material (2) is taken to be epoxy. A thin strip (1 mm thick) of 2024-T851 aluminum alloy in the form of an arc is cured with the epoxy. Presence of this support will be described in Section 4. Finite element analyses were performed with the mesh exhibited in Figure 3. This mesh and a coarser mesh were employed for the homogeneous Brazilian disk specimen. These results were seen to be in excellent agreement with those by Atkinson et al. (1982). Further mesh refinement was examined in the inhomogeneous case and seen to be unnecessary. Thus, the mesh illustrated in Figure 3 is employed. It contains 14,976 eight noded isoparametric elements and 45,416 nodal points for a/R = 0.5. The Brazilian disk specimen illustrated in Figure 2 was analyzed for various loading angles θ and nondimensional crack lengths a/R. The stress intensity factors and interface energy release rate Gi are presented in nondimensional form as 2π Rta iε K˜ = √ K P πa



(14)



148 Leslie Banks-Sills et al. Table 2. Nondimensional stress intensity factors K˜ 1 , K˜ 2 , energy release rate G˜ i and mixity angle 9 determined for crack tip A of the glass/epoxy Brazilian disk specimen in Figure 2. The mesh employed is exhibited in Figure 3. The loading angle is θ = 10◦ . a/R



K˜ 1



K˜ 2



G˜ i



9(rad)



0.3 0.4 0.5 0.6 0.7



0.823 0.803 0.770 0.709 0.585



−1.185 −1.248 −1.360 −1.540 −1.822



2.082 2.203 2.442 2.875 3.662



−0.95 −0.96 −1.00 −1.07 −1.18



Table 3. Nondimensional stress intensity factors K˜ 1 , K˜ 2 , energy release rate G˜ i and mixity angle 9 determined for the glass/epoxy Brazilian disk specimen in Figure 2. The mesh employed is exhibited in Figure 3. The loading angle is θ = 0◦ . a/R



K˜ 1



K˜ 2



G˜ i



9(rad)



0.3 0.4 0.5 0.6 0.7



1.023 1.055 1.097 1.139 1.205



−0.132 −0.134 −0.131 −0.113 −0.068



1.063 1.132 1.221 1.310 1.456



−0.118 −0.098 −0.064 −0.028 −0.029



and 4π H R 2 t 2 G˜ i = Gi , P 2a



(15)



where ε and H are given in (3) and (8), respectively, R and t are the radius and thickness, respectively, of the specimen, a is crack length and P is applied load. For this material combination ε = −0.088. The nondimensional expression chosen for the stress intensity factor follows Atkinson et al. (1982) for the homogeneous Brazilian disk specimen. For the phase angle 9 given in (6), L is taken to be the nominal specimen thickness t = 8 mm. Sample results are presented in Tables 2 through 4. In each table values are presented for a specific loading angle θ and crack tip (see Figure 2). Calculations were made for other loading angles, as well. These are not presented here. In the analyses, the nondimensional crack length a/R is varied between 0.3 and 0.7 which is a convenient range for testing. Calibration equations are given in Appendix 2 for the stress intensity factors. For none of the loading angles considered in the tests is there crack overlap at crack tip A. During the tests, 0◦ 6 θ 6 13◦ for results measured at crack tip A. As an example, for



Measuring interface fracture properties 149 Table 4. Nondimensional stress intensity factors K˜ 1 , K˜ 2 , energy release rate G˜ i and mixity angle 9 determined for crack tip B of the glass/epoxy Brazilian disk specimen in Figure 2. The mesh employed is exhibited in Figure 3. The loading angle is θ = 10◦ . a/R



K˜ 1



K˜ 2



G˜ i



9(rad)



0.3 0.4 0.5 0.6 0.7



1.234 1.278 1.304 1.285 1.165



1.393 1.689 2.140 2.835 3.921



3.462 4.486 6.279 9.688 16.735



0.86 0.96 1.08 1.22 1.37



θ = 10◦ and a/R = 0.4 there is also no overlap at crack tip B. For a/R = 0.5, there is a small overlap of 0.6 percent of the total crack length 2a. For a/R = 0.6 and 0.7, the overlap increases to 2 percent and 5.7 percent, respectively. When θ = 15◦ , and a/R = 0.3, 0.4 and 0.5, the overlap at crack tip B is 1.8 percent, 3.4 percent and 7 percent of the crack length. To examine the effect of the overlap on the stress intensity factors calculated at crack tip A, finite element analyses were carried out for the case in which the loading angle θ = 14◦ and crack length a/R = 0.6. This case is studied by a more exact and physically correct analysis. To model this problem correctly, contact elements near crack tip B are employed in the finite element analysis. First the analysis is carried out without contact elements. The energy release rate Gi and the phase angle 9 are calculated. It is seen that at crack tip B the overlap is about 9 percent of the crack length. When contact elements are employed, there is no overlap. Instead, the crack faces impinge upon one another beginning at the crack tip. For a load of 1 N, the impingement is reduced to about 5 percent of the crack length. In both cases, fracture parameters are not calculated at this crack tip. However, at crack tip A, Gi and 9 may be determined. The difference between these parameters from both calculations is less than 1 percent. It may be noted that a contact problem is inherently nonlinear. To examine the nonlinear behavior in this problem, the analysis including contact elements is performed again with a load 200 times that of the previous example. The contact region is nearly the same as that for the load of 1 N. The nondimensional value for the energy release rate and the phase angle differed in the fifth significant figure. Thus, the results behaved almost as if the analysis was linear. This may be explained by the fact that this phenomenon takes place in a small region of the body and does not affect global quantities significantly. Hence, the results presented here do not include the use of contact elements. However, when the crack grows at crack tip B in the experiment, the overlap issue must be reconsidered. The loading angle and crack length in any test in which the crack propagated at crack tip B and which caused the greatest overlap were θ = 10◦ and a/R = 0.57. In this case, the overlap determined from the finite element analysis without contact elements is less than 2 percent of the crack length. It would appear that employing contact elements would decrease this length. Hence, the overlap is neglected in calculating stress intensity factors. In this section, values of the stress intensity factors for various loading angles and crack lengths have been determined. In order to obtain the critical interface energy release rate Gic as
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Figure 4. Cases (a) m and (b) n for determining the weight function of the Brazilian disk specimen.



a function of the phase angle 9, the effect of residual stresses which develop during specimen curing must be assessed. That is, the stress intensity factors resulting from the residual stresses must be determined. In the next section, the weight function method is employed to determine these values. 3. Weight function By means of a weight function presented by Banks-Sills (1993), the stress intensity factors may be written as Z K1 = h1 · T ds (16) ST



and



Z



K2 =



h2 · T ds



(17)



ST



where T is the traction applied on the boundary ST , and hi are the weight functions given by  (m) (n)  H (n) ∂u (m) ∂u h1 = K2 − K2 (18) 2K 2 ∂` ∂` and H h2 = 2K 2







∂u(n) K1(m) ∂`



−



(m)  (n) ∂u K1 .



∂`



(19)



In (18) and (19), K 2 = K1(m) K2(n) − K2(m) K1(n) 6 = 0 and H is given in (8). The stress intensity (j ) (j ) factors K1 and K2 are mode 1 and 2 stress intensity factors, respectively, for a specific load case, namely j = m, n, of, in this case, the Brazilian disk specimen composed of a specific material combination, i.e., glass, epoxy and an aluminum strip. The displacement fields u(j ) must be found on ST as functions of crack length `. Here, cases m and n are illustrated in Figure 4. Finite element solutions are obtained for the Brazilian disk specimen for these loading angles and a series of crack lengths `. Note
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Figure 5. Residual stresses σ22 and σ12 along the interface of the glass/epoxy Brazilian disk specimen.



that ` = 2a in Figure 2. The mesh shown in Figure 3 is employed here. Both stress intensity factors and displacements u(m) and u(n) along the crack faces are determined for discrete crack lengths. Curve fitting is employed with the numerical results. Details for determining the weight functions h1 and h2 of (18) and (19) are described by Banks-Sills et al. (1997) for another geometry. 3.1. R ESIDUAL



STRESSES



The tractions T to be substituted into (16) and (17) are obtained by applying temperature conditions experienced by the specimens during curing. The specimens are cured at 25◦ C and then the temperature is lowered to room temperature which is taken to be 20◦ C for the calculations. Thus, the residual stresses along the interface are determined by the finite element method for a temperature decrease of 5◦ C. The mesh illustrated in Figure 3 is also employed here. These stresses for the uncracked Brazilian disk specimen are exhibited in Figure 5. It may be noted that the normal stresses are compressive near the specimen edges. If the aluminum strip is not attached during specimen curing, large tensile stresses appear at those edges. 3.2. S TRESS



INTENSITY FACTORS FROM RESIDUAL CURING STRESSES



The stress intensity factors resulting from residual curing stresses and denoted as K1(r) and K2(r) are presented in Table 5 for various crack lengths. The values are nondimensional with L = a in (4) and σ =



[(1 − ν1 )α1 − (1 − ν2 )α2 ]1T , 1 − E1 E 2



(20)



1



where αi are the thermal expansion coefficients and 1T is temperature change. Some values were checked by the Eshelby cut and paste superposition method employed by O’Dowd et al. (1992). Differences between K values determined here with the weight function method and



152 Leslie Banks-Sills et al. Table 5. Nondimensional stress intensity factors (r) (r) K˜ 1 , K˜ 2 , energy release rate G˜ i and mixity angle 9 determined for the glass/epoxy Brazilian disk specimen in Figure 2 for a temperature decrease of 5◦ C. The mesh employed is exhibited in Figure 3. a/R



(r) K˜ 1



(r) K˜ 2



G˜ i



9(rad)



0.3 0.4 0.5 0.6



0.587 0.607 0.629 0.655



0.0352 0.0717 0.1129 0.1553



0.345 0.373 0.408 0.453



0.07 0.15 0.23 0.30



Figure 6. Notch shape employed in the experiments.



the cut and paste method were between 2 percent and 5 percent. Calibration equations are presented in Appendix 2. These are employed together with those determined for the applied loading at a particular loading angle to yield the total stress intensity factor K T which a specimen is subjected to during a test. 4. Testing The aim of this investigation is to develop a testing methodology for measuring interface toughness properties of ceramic materials. Since many experiments were required to develop the methodology, inexpensive brittle materials were sought. Thus, glass and epoxy were chosen as the first material pair. The glass/epoxy interface was designed to simulate one which is typical of brittle materials. It may be noted that no chemical reaction takes place between the glass and epoxy. A short review of all factors necessary to perform the tests is described. The specimen is fabricated by machining glass in the form of a semicircle. The interface surface of the glass is machined very smoothly except at its edges. There it is roughened to prevent decohesion at those edges. An initial notch as illustrated in Figure 6 is fabricated along the specimen interface by means of Teflon strips applied to the glass half. The glass is placed in a mold which is shown in Figure 7. The epoxy is poured into the mold with an aluminum support as shown schematically in Figure 2. It was demonstrated numerically in Section 3 that the
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Figure 7. Mold employed for the glass/epoxy specimens.



Figure 8. Loading frame designed and fabricated for testing Brazilian disk bimaterial specimens.



support produces compressive stresses at the specimen edges along the interface. Experience showed that the support, indeed, inhibits decohesion there. Seven specimens are fabricated simultaneously. They are arranged in a desiccator before being placed in the oven where they are cured at 25◦ C for 64 hours. Note that the specimen radius is R = 20 mm. The loading frame is presented in Figure 8. A crack is induced from the notch by means of an initial loading. For all tests, this is carried out at θ = 5◦ . The aim is to develop a straight through natural crack. Then, the specimen is reloaded. When the crack propagates, the load Pc is observed on a voltmeter as viewed by means of a video. The video is employed with a mixer and two cameras in order to observe the entire specimen, focus on the crack tip at which propagation will take place, and view the load at fracture. The experiment is reviewed on the video to accurately determine Pc at fracture. One is able to discern from the full view of the specimen if a crack propagates in an undesirable location such as specimen edges, the second
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Figure 9. Test set up.



crack tip or within the glass. The experimental set up is illustrated in Figure 9. It may be noted that the maximum preload which induces a crack from the notch, is generally higher than the load at catastrophic fracture (determined when the specimen is loaded a second time and the crack propagates catastrophically). For pre-loads greater than 1,500 N, most values of Gic , but not all, were observed to be unduly high. Hence, the maximum preload has been limited to this value. It is possible that some plastic deformation of the epoxy takes place. Although from one tensile test on a dog-bone epoxy specimen, elongation at fracture was about 4.3 percent. This indicates a rather brittle epoxy. To determine the critical crack length ac , a picture from the video is employed to measure the crack at five equally spaced locations along the crack front as suggested in the ASTM fracture toughness standard for metals (1995). The three interior measurements are averaged and set equal to ac . In order for the test to be valid, certain criteria are placed on the differences between the various measurements. The difference between any two of the three interior crack measurements may not exceed 10 percent of ac . The two surface measurements may not differ from ac by more than 15 percent and the difference between these two measurements may not exceed 10 percent of ac . Although these criteria were imposed for metals, they may also be applied to other materials. They are indeed, rather forgiving; that is, the crack can differ greatly from a straight through crack. All results presented are within these limits. The major discrepancy for all tests which were rejected on the basis of improper crack front was the difference between the specimen surface measurements and ac . In these cases, the value of the measured Gic corresponding to this crack length was always greater than those for other values of 9 in that neighborhood. It appears that the ASTM crack ‘straightness’ criteria are also important for interface toughness of these materials. Moreover, it was observed during the experiments that the crack always propagated from crack tip A. In order to obtain Gic values from crack tip B, it is necessary to inhibit propagation at crack tip A. To this end, the glass along the interface of the appropriate crack tip is roughened. This does not affect the calibration equations presented above. In order to discern if this roughening affected the results, several other specimens for which the crack propagated at crack tip A were tested with this roughening at crack tip B. The results appeared consistent with previous results. To obtain the critical interface energy release rate Gic , the calibration equations in Appendix 2 are employed. For a particular loading angle, critical crack length and critical applied
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Figure 10. Critical interface energy release rate for glass/epoxy. The phase angle 9 is calculated from (6) with L = 600 µm.



load, K1 and K2 are calculated from the calibration expressions in Appendix 2 and (14). In addition, K1(r) and K2(r) are determined from (4), (20), (57) and (58) with L = a. The temperature decrease in (20) was taken according to the ambient room temperature; 1T varied between −4.5 and +2.3◦ C. The stress intensity factors are superposed and Gic is computed from (7). The phase angle 9 is obtained from (6) with K = K T and L = 8 mm, the nominal specimen thickness. In Figure 10 the interface toughness for this glass/epoxy combination is characterized. It must be noted that interface surface preparation contributes greatly to this parameter. Moreover, the toughness of the two constituents plays a role in determining if the crack will be interfacial or will propagate into one of the constituents. Including the residual stresses, changes the Gic value by as much as 150 percent, whereas, 9 changes by as much as 50 percent. There were tests in which the ambient temperature was 25◦ C, so that 1T = 0. It may be observed that the 9-axis of the graph may be approximately centered if L is chosen as 600 µm. This is obtained from  L2 92 = 91 + ε ln , L1 



(21)



where 91 = −13◦ , 92 = 0 and L1 = 8 mm. The L2 value is within the K-dominant region. It may be noted that the finest emery paper employed for the final finish of the glass interface surface has a roughness of 1 µm; this is much smaller than L2 . Moreover, the size and shape of the plastic zone within the epoxy has been estimated. This was done from an elastic analysis and the von Mises criterion. The plastic zone increases in size as |9| increases; although it is still well within the realm of small scale yielding. For larger values of 9 > 0, the shape is that of mode II in a homogeneous material; whereas for smaller values of 9 < 0, the shape is that of mixed mode. The largest estimated plastic zone radius was determined as 131 µm. Thus, L2 is well outside this region.



156 Leslie Banks-Sills et al. 5. Summary and discussion The finite element method was employed to develop stress intensity factors for the bimaterial, glass/epoxy Brazilian disk specimen with the applied loading shown in Figure 2. Curve fitting was employed to write expressions for the stress intensity factors as functions of crack length for each loading angle. By means of the weight function method, together with finite elements, a correction to the stress intensity factors for residual curing stresses was obtained. A series of tests was carried out with the aid of these calibration equations to obtain the critical interface energy release rate as a function of the phase angle. A graph was presented (Figure 10) which characterizes this material pair for the interface which was designed. Unlike homogeneous material, each time a different material pair is tested, new sets of calibration equations are required. This is, indeed, a time consuming procedure. Currently, tests are being carried out on two bonded ceramic clays. These results will be reported in the near future. Appendix 1 To employ the M-integral in (9), two auxiliary solutions are required. These are denoted as (2a) and (2b). For solution (2a), choose K1(2a) = 1 and K2(2a) = 0. Such a solution does exist for some special loading. Equation (11) becomes M (1,2a) =



2 (1) K H 1



(22)



and from (9) M (1,2a)



# Z " (2a) (1) ∂q1 (1) ∂ui (2a) ∂ui σij = + σij − W (1,2a)δ1j dA. ∂x1 ∂x1 ∂xj A



(23)



The displacements required for solution (1) are taken from a finite element analysis of the problem to be solved; the stresses and strains are calculated from these. Asymptotic expressions for the stresses, strains and displacements for solution (2a) are employed. The displacements are presented shortly. For solution (2b), K1(2b) = 0 and K2(2b) = 1. Equation (11) becomes M (1,2b) =



2 (1) K H 2



(24)



and from (9) Z " M



(1,2b)



= A



∂u(2b) σij(1) i ∂x1



+



∂u(1) σij(2b) i ∂x1



# −W



(1,2b)



δ1j



∂q1 dA. ∂xj



(25)



After calculating these integrals, K1 and K2 are found by equating (22) and (23), (24) and (25). The displacements in the crack tip region employed in (23) and (25) as solutions (2a) and (2b) are presented here for completeness. There are differences in the presentation of the



Measuring interface fracture properties 157 expressions here and those given by Matos et al. (1989); they are equivalent. For the mode 1 solution, i.e. (2a), (2a) j ui



1 = 2µj cosh π ε



r



r fi (r, θ, ε, κj ), 2π



(26)



where i = 1, 2 represents the x1 and x2 -directions, j = 1, 2 represents the upper and lower material, respectively, r and θ are crack tip polar coordinates shown in Figure 1 and ε is given in (3), f1 = Dj + δj sin θ sin ψ,



(27)



f2 = −Cj − δj sin θ cos ψ.



(28)



δ1 = exp[−(π − θ)ε],



(29)



δ2 = exp[(π + θ)ε].



(30)



ψ = ε ln r + θ/2.



(31)



Dj = βγj cos(θ/2) + β 0 γj0 sin(θ/2),



(32)



Cj = β 0 γj cos(θ/2) − βγj0 sin(θ/2).



(33)



β=



1 [cos(ε ln r) + 2ε sin(ε ln r)] , 1 + 4ε 2



β0 = −



1 [sin(ε ln r) − 2ε cos(ε ln r)] . 1 + 4ε 2



(34)



(35)



γj = κj δj − 1/δj ,



(36)



γj0 = κj δj + 1/δj .



(37)



For the mode 2 solution, i.e. (2b) (2b) j ui



1 = 2µj cosh π ε



r



r gi (r, θ, ε, κj ) 2π



(38)



where g1 = −Cj + δj sin θ cos ψ



(39)



g2 = −Dj + δj sin θ sin ψ.



(40)



For the lower material, j = 2, ε should be replaced by −ε in (29) through (31), (34) and (35). The stresses and strains are determined by differentiation of these expressions.



158 Leslie Banks-Sills et al. Appendix 2 An expression for the nondimensional stress intensity factor K˜ is given in (14). Curve fitting is employed to write the stress intensity factors as functions of the nondimensional crack length a/R. First, the calibration equations for the applied loading in Figure 2 are presented. The crack length range is chosen to be 0.3 6 a/R 6 0.7. The specific crack tip considered (either A or B as shown in Figure 2) is denoted. For crack tip A, θ = 13◦   a 3  a  a 2 a (41) K˜ 1 = − 19.364 6.952 − 23.524 + 34.172 R R R R and



  a 3  a  a 2 a K˜ 2 = . + 25.257 −12.511 + 39.561 − 55.121 R R R R



For crack tip A, θ = 10◦   a 3  a  a 2 a ˜ K1 = − 20.486 7.650 − 25.633 + 37.050 R R R R



(42)



(43)



and



  a 3  a  a 2 a K˜ 2 = . + 18.885 −9.897 + 30.871 − 42.433 R R R R



For crack tip A, θ = 5◦   a 3   a 2 a a ˜ K1 = − 20.558 8.269 − 27.133 + 38.770 R R R R



(44)



(45)



and



  a 3   a 2 a a ˜ K2 = . + 8.938 −5.372 + 16.082 − 21.340 R R R R



For crack tip A, θ = 2◦   a 3  a  a 2 a ˜ K1 = − 19.280 8.402 − 26.827 + 37.704 R R R R



(46)



(47)



and



  a 3  a  a 2 a ˜ K2 = . + 4.853 −2.797 + 8.194 − 10.936 R R R R



(48)



For θ = 0◦



  a 3  a  a 2 a ˜ K1 = − 15.756 8.309 − 24.877 + 33.106 R R R R



(49)



Measuring interface fracture properties 159 and   a 3  a  a 2 a ˜ K2 = . + 4.084 −1.166 + 3.946 − 6.313 R R R R



(50)



For crack tip B, θ = 2◦   a 3  a  a 2 a K˜ 1 = − 38.994 8.978 − 27.578 + 38.356 R R R R



(51)



and   a 3  a  a 2 a ˜ K2 = . + 5.118 0.487 + 0.344 − 3.278 R R R R



(52)



For crack tip B, θ = 5◦   a 3  a  a 2 a K˜ 1 = − 21.808 9.687 − 29.841 + 42.403 R R R R



(53)



and   a 3  a  a 2 a ˜ K2 = . + 6.868 3.132 − 5.128 + 1.602 R R R R



(54)



For crack tip B, θ = 10◦   a 3  a  a 2 a K˜ 1 = − 27.890 10.368 − 33.042 + 48.963 R R R R



(55)



and   a 3   a 2 a a ˜ K2 = . − 2.278 8.622 − 20.478 + 24.684 R R R R



(56)



It should be noted that these relations pertain to the specific material combination of glass and epoxy and include the aluminum strip. The calibration equations for the thermal curing stresses are   a 3  a  a 2 a (r) ˜ K1 = − 14.295 5.203 − 17.369 + 26.105 R R R R



(57)



and   a 3  a  a 2 a (r) ˜ K2 = , + 0.275 −0.177 + 1.283 − 1.094 R R R R



(58)



where the stress intensity factors are nondimensionalized according to (4) with L = a and σ given in (20). Note that 0.3 6 a/R 6 0.6 for (57) and (58).
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