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INTRODUCTION

A linear elastic fracture mechanics (LEFM) protocol for detennining Kc and Ge for plastics is reproduced as the appendix to this paper. This was the first protocol developed by TC4 and was chosen as a starting point because many members had experience of the test method and it was felt to be of practical importance. The basic method was that developed by ASTM for K , testing of metals [l] but with significant changes to make it suitable for polymers and to include Ge determination. The version in the appendix is the final fonn produced by TC4 and was the basis used for the ASTM version (2) and subsequently the ISO version (3). These latter contain changes made to confonn to the style and practices of those bodies, but none of substance occurred.

BACKGROUND TO THE TECHNICAL ISSUES

The major technical issues addressed in the protocol are notching and the definition of initiation. The method requires that a natural sharp crack is first grown and then the conditions for its re-initiation used to define K , and Gr. Great skill and care is required to produce these initial cracks and the results are critically dependent on their quality. Different techniques are required for different materials ranging from razor blade tapping in hard materials to blade sliding for soft materials.

Initiation is defined as either the maximum load or the load which gives a 5% increase in compliance. Neither is true initiation but represents a reproducible value for a small amount of crack growth.

The size criteria for validity are designed to ensure both LEFM and plane strain and a further restriction, that the maximum load should be no more than 10% greater than that for the 5% compliance change, is a guarantee on linearity and hence LEFM conditions. It is also worth noting that the energy result used to find G, requires a compliance correction for load point indentation, a notion which arises in several protocols.

RESULTS OBTAINED USING THE PROTOCOL

An example of a set of data, in this case a nylon, is given below. Nine groups perfonned the tests and it can be seen that the average standard deviation are 5% for K 1e and 12% for G,c. The agreement between the two values of E is generally good with differences of less than l % for five sets of data and only one of up to 10%.

The data sets do show the common characteristic of such exercises in that some values are wildly out suggesting an error which is usually difficult to identify. Nylon is given as an example because it is not among those materials which are easy to notch (e.g. epoxies, PMMA), nor is it amongst those which are rather dif (e.g. PE, PP). However, with perseverance, good results can be achieved as demonstrated in Table 1. In general this protocol has worked well and has now been adopted as an ISO standard for plastics. It does incidentally work well for other materials, which are reasonably stiff and linear in their loading response, as would be expected. With some additional procedures it has been used to measure toughness values in injection moulded discontinuous fibre composites [4] and more recently it has been successfully applied to foods [5].
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Introduction

These tests are designed to characterise the toughness of plastics in terms of the critical stress intensity factor Kc, and the energy per unit area of crack G,., at fracture initiation. The scheme used assumes liner elastic behaviour of the cracked sample, so certain restrictions on linearity of the load -displacement diagram and specimen width must be imposed to ensure validity. In addition, a state of plane strain at the crack tip is required so that thickness normal to the crack front must be sufficient to ensure this state. Finally the crack must be sufficiently sharp to ensure that a minimum value of toughness is obtained. These requirements are common to the ASTM metals standard E399 and much of what follows is drawn from this sourc•e. There are, however, special problems associated with plastics and these are accommodated in what follows. Items not covered here will be found in E399. It should also be noted that Ge is of particular importance for plastics and this protocol covers its determination, while E399 does not.

Specimen Preparation

Three point bend (also called single edge notched bend, SENB) and compact tension (CT) geometries are recommended, because these have predominantly bending stress states which require smaller sizes to achieve plane strain than other configurations. It is usually helpful to maximise the thickness used from a sheet sample and this is bt•st achieved by making the sheet thickness that of the specimen i.e. B in Figure I where the two configurations are shown. In both tests the crack length range should be; 0.45 <a IW < 0.55 and it is usually convenient to make W = 2B initially.

Notching

The ideal case is when a natural crack is re-initiated and this is embodied in the metals test by requiring that an initial machined notched sample is fatigued to give some growth. This method may be used for plastics, but often it is difficult to do, because of unstable fatigue crack growth and the necessity of using low frequencies (<4Hz in some plastics) to avoid hysteretic heating.

In plastics it is possible to produce sufficiently sharp initial cracks by other methods and particularly by first machining a sharp notch and then further sharpening it by using a razor blade. This is generally a much simpler technique than growing cracks in fatigue. The procedure to be followed is:
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i) Machine or saw a sharp notch in the specimen. Then generate a natural crack by tapping on a new razor blade placed in the notch. It is essential to persevere with this since in brittle specimens a natural crack can be generated by this process, but some skill is required in avoiding too long a crack or local damage. (Some precompression of the specimen may be helpful). The cracks grown should be several times longer than the pre-notch tip radius. Failure to generate a natural crack will result in too high values.

ii)

If a natural crack cannot be generated, as in some tough specimens, then 1he notch can be sharpened by sliding or sawing a new razor blade across 1 he notch. Again the depth of this extension should be greater than the origi11al notch tip radius. Pressing the blade into the notch is not recommended because of induced residual stresses.

Test Conditions

Since plastics are viscoelastic materials it is necessary to specify both the temperature and time scale under which the result was obtained. As a basic test condition, it is recommended that 23°C and a crosshead rate of lOmm/min be used. In all cases the loading time should be quoted.

If it is not possible to obtain valid results at 23°C it is often possible to do so by decreasing the temperature, which usually does not change Kr greatly, but increases the yield stress rendering the fractures more brittle. If this procedure is used then again both temperature and loading time must be stated.

It is recommended that speeds of greater than lm/s or loading times of less than lrns should be avoided, because of the danger of dynamic effects causing errors.
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Displacement Transducer

Wl4<D< W �I Bosses For Rubber Bands (see method E399) For SENB a rig with moving rollers 1 of sufficiently large diameter to avoid plastic indentation is recommended. That shown in Figure 2 is based on E399. For the CT test the loading is via pins in the holes.

For either sample configurations, the displacement measurement can be performed using the loading machine's internally provided stroke (position) transducer. The fracture test displacement data must then be corrected for total system compliance, loading pin penetration and sample compression. This can be performed by a simple calibration of the testing system. The procedure is as follows.

A test configuration as shown in Figures 3a or 3d using identically prepared, but unnotched, samples is used to generate a load-displacement correction curve. This correction curve is then "subtracted" from the load-displacement curve obtained during the actual fracture test with notched samples. This subtraction is performed by subtracting the correction curve displacement from the fracture test displacement at corresponding loads.

In practice, a linear correction curve can usually be obtained (up to the maximum loads recorded in the fracture test). Use of a linear correction simplifies the displacement correction. Any initial non-linearity due to penetration of the loading pins into the sample is observed during both the calibration test and the actual fracture test, so a linearisation of the near-zero correction data and the fracture test data can effectively correct for this initial non-linearity.

This displacement correction must be performed for each material and at each different temperature or rate. Polymers are generally temperature and rate sensitive and the degree of loading pin penetration and sample compression can vary with changes in these variables.

If the internally provided displacement transducer is not available, then externally applied displacement measuring devices may be used. For this case, displacement should be taken at the load point.

For CT samples, this is preferred to crack mouth opening since the load point displacement is required for the energy calculation used in finding Ge. For CT, a clip gauge near the pins will be satisfactory. (If a stiff metals gauge is used it may be necessary to correct the loads in a plastics test.)

For SENB a displacement transducer can be placed between the load point and the base as indicated in Figure 2. In the Ge tests it is necessary to correct the measured displacement for indentation effects and machine compliance. This can be done by two methods:

1 It has subsequently become more common to use fixed supports of the same radius as specified for the rollers. No significant errors have been observed by this simplification of the test rig.

First method: A load displacement curve from that in Figure 3a may be subtrac1ed from that in the fracture test to obtain the true displacement. The load-displacem1:nt curve is usually linear and its slope detennines the compliance due to indentation and machine stiffness, C, .,,.. . The value here would be slightly high because of flexing, so a more precise result can be obtained from the second method described below.

Second method: Using the arrangement shown in Figure 3c the compliance of the machine, C,., is detennined. This is subtracted from the compliance obtained from the arrangement in Figure 3b It is recommended that three replicates be used. The test is performed and the load versus load-point displacement curve obtained. In the ideal case this is a linear diagram with an abrupt drop of load to zero at the instant of crack growth initiation.

In some cases this occurs and K Q can be found from the maximum load. (In such cases a natural crack will be required, see section 3). In most cases there is some non linearity in the diagram and this can be due to plastic deformation at the crack tip, non-linear elasticity, general visco-elasticity and stable crack growth after initiation, but prior to instability. The first three effects violate the LEFM assumption and the fourth one means that the true initiation load is not defined by the maximum. Indeed it is doubtful if an exact definition of initiation could be made and with this, and a need for simplicity in mind, the arbitrary rule of E399 is used here. The diagram is shown (exaggerated) in Figure 4, and a best straight line is drawn to determine the initial compliance C as shown. This is then increased by 5% and a further line drawn. If P max falls within these two lines then P max is used to find K Q . If the C + 5% intersects the load curve then Ps % is found and this is taken as the load at crack initiation. In fact if all the non-linearity is due to crack growth, then it corresponds to a particular amount of crack growth given by: Where <f>(a!W) is the calibration factor discussed in section 8. For the configuration in SENB used here, </> !(a!W) == 0.5 so we have Lla! a== 2.5% i.e. a 2.5% increase in crack length.

To stay within the LEFM condition it is further specified that:

i.e. a 10% non-linearity is allowed. If Pma.f P,o/c > l.l then the test is invalid. If P max IP,% < 1.1 then P,% is used in calculation of K Q or P max it if falls within the two lines. (It should also be noted that crack 'pop-in' can occur in which the crack jumps forward a small distance and then arrests. This results in a short drop in the curve and then a continued rise. This value of load can be used and quoted as a 'pop-in' value.)

Values of K Q are computed from the original crack length a which is best determined from the fracture surface after testing. An average value may be used but the difference between the shortest and longest length should not exceed 10% . Care should be taken that it is the original crack which is being observed since slow gro\llth can occur. K Q is then calculated from the following relationship:

P, K =f-Q - Q I sw2
Tabulated values of f �. 'I' and Tie are presented in Table l for the SENB specim:!n and Table 2 for the CT specimen.

Size Criteria

The validity of K Q should now be checked via the size criteria;

B. a, (W -a ) > 2. s[ �: J Since specimen dimensions require that W = 2B initially (see section 2) and a/W = 0.5 then usually all are satisfied if one is. In fact the criteria covers two limitations in that B must be sufficient to ensure plane strain but (W -a) has to be sufficient to avoid excessive plasticity in the ligament. If (Wa) is too small the test will usually violate the linearity criteria but not necessarily so. If the linearity criteria is violated a possible option is to increase W for the same B. Values of WI B of up to 4 are permitted. It should also be noted that if the specimen is too small B will result in KQ being high whilst (W -a) will result in it being low. The nett effect may be close to correct, but unfortunately in an unpredictable way, since the dependence on B cannot be quantified.

<J 1 is the uniaxial tensile yield stress and for polymers this is conventionally taken at the maximum load. Because of visco-elastic effects the 0.2% offset value as used for metals is not a yield stress and gives too low a value. Shear yielding in tensile tests in most polymers can be achieved by carefully polishing the specimen edges, but if brittle fracture does occur then, since yielding is at a larger load, the stress at fracture may be used in the criteria to give a conservative size value. An alternative is to use 0.7 times the compressive yield stress. In all cases the time to yielding should be within ± 20% of the fracture loading time and the method of finding <J 1 given.

If these criteria are met then, KQ = K1c, the plane strain value.

Ge Calculations

G rc can, in principle, be obtained from, 

U = UQ -U cor
It is considered easier to correct for initial curvature by extrapolation as shown, but subtracting the total curves is permitted. Total energy corrections are usually <20% .

Ge may be calculated from this energy U via,+ u G = -BW� .,, p .

or -�-B(W-a) ' l-a/W 1/, = --- �

(The 17 , fonn is of the same fonn to that used for J tests). Values of 17, are given in and may be computed as shown in the Appendix . Values for the test geometries used are also given in Tables 1 and2.

A useful cross check on accuracy may be made since EI ( l -v2) can be found from the true compliance C, ie, C = CQ -Cc o r from:

( � ) .Be= 2/2</J = l/f 1-v and the factor I/I is given in Tables 1 and2. This value of EI ( 1-v 2) should be compared with that obtained from Kie I G1c and the former value should be the larger but the difference should be <1 5% . If the difference is greater, then the results should be examined for possible errors.

+ JG Williams, "Fracture Mechanics of Polymers", Ellis Horwood/Wiley, 1985.

Reporting

The following format for reporting results is suggested; i) Specimen Configuration and Dimensions ii)

Notching method iii)

Temperature and Loading Rate iv)

One example of Load -Displacement diagram v)

p max and/or Ps.,., values for all (3) specimens plus loading times vi) P ma.I Ps.,., <or> 1.1?

vii) KQ value viii)
u, value at maximum load and loading time ix) 2.5(KQ/u Y ) 2 ;<or > B, W-a? 16 [ 8.9-33.717a +79.616a2 -112.952a3 +84.815a 4 -25.672a 5 J [ Z a(l-a) : z a _l (I-a)

  Fracture Mechanics (LEFM) Standard for Detennining K1c and G,c for Plastics. Testing Protocol -March 1990 This protocol has been created by the activities of the ESIS TC4 Task Group on Polymers and Composites and is the result of a series of Round-Robin tests. It is intended to fonn the basis of national and international standards. It has been drafted by Professor JG Williams, Mechanical Engineering Department, Imperial College London, UK.

Figure 1 .

 1 Figure 1. Specimen configurations (as in document E399)

Figure 2 .

 2 Figure 2. Bending rig used for SENB testing

Figure 3 .

 3 Figure 3. Arr angements for finding indentation displacement

Figure 4 .

 4 Figure 4. Determination of P5% and C
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 2 ic , (for plane strain) E but for plastics E must be obtained at the same time and temperature conditions because of visco-elastic effects. Many uncertainties are introduced by this procedure and it is considered preferable to determine G1 c directly from the energy derived from integrating the load versus load-point displacement diagram. The procedure to be followed is via KQ for validity testing and then to determine the energy U Q up to the same load point as used for KQ , as shown in Figure Sa. The correction curve, as sketched in Figure Sb, is usually quite linear and the energy from indentation and machine compliance, u co r can be estimated from ccor from, where 1 co r = 2 P C cor P = Ps.., or P .... The true fracture energy is,

Figure 5 .<

 5 Figure 5. Method of correcting for indentation

  l-v2) via Kff clG1c

Note:

  Values calculated using: J.A. Kapp, G.S. Leger and B. Gross; Fracture Mechanics Sixteenth Symposium, ASTM, STP 868, pp 27-44. Appendix Compact Tension Specimen (0.2 <a I w < 09118+19.118a-2.5122a2 -23.226a3 +20.54a' )(t-a) ; -(19.l 18-5.0244a-69.678a2 +82.16a3 )(1-a)+ 2 (1.9118+ 19.l 18a-2.5122a2 -23.226a3 + 20.54a' ) Where a =afw Single Edge Notched Bend Specimen ( 0 <a I w < 1) 15 .!. [t.99-a(l-a)(2.15-3.93a + 2.1a2)]

  

  

TABLE 1 .

 1 Results of the measurements of K1c and G1c performed on a Nylon by nine groups of ESIS TC4.
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Table l for

 l SENB and Table2for CT.

Table 1 Calibration

 1 Appendix: Calibration factors for SENB and CT specimens Factors for SENB geometry with S/W=4 . Bakker, A. Compatible Compliance and Stress Intensity Expressions for the Standard three-point Bend Specimen. International Journal of Fatigue and Fracture o f Engineering Materials and Structures 13 (2), 145, 1990. Calibration factors for CT geometry

	a/W	f	�	"'	11.
	0.05	2.50	1.502	18.7	0.63
	0.10	3.39	0.857	19.7	1.05
	0.15	4.07	0.641	21.2	1.33
	0.20	4.70	0.526	23.2	1.52
	0.25	5.36	0.449	25.7	1.67
	0.30	6.09	0.391	28.9	1.79
	0.35	6.93	0.345	33.1	1.89
	0.40	7.93	0.307	38.5	1.96
	0.45	9.14	0.275	45.9	2.00
	0.50	10.65	0.246	55.9	2.03
	0.55	12.57	0.220	69.6	2.04
	0.60	15.09	0.195	88.7	2.05
	0.65	18.51	0.170	116.4	2.06
	0.70	23.40	0.145	158.5	2.07
	0.75	30.84	0.120	228.2	2.08
	0.80	43.21	0.096	357.7	2.09
	0.85	66.76	0.072	643.7	2.08
	0.90	123.30	0.049	1484.6	2.05
	0.95	351.62	0.025	6148.3	2.01

Note: Values calculated using:

Table

2