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3 FOREWORD

Recent requirements for increased strength and service life of machines and

structures have been met by the use of higher strength materials and new fabrication
and joining methods. Simultaneously, failures due to fracture have increased rela-
tive to those resulting from excessive deformation. Frequently service conditions
are such that low temperature brittle fracture, fatigue fracture, and high temper-

atura creep rupture must be consicered in a single system. National concern with

increased safety, reliability, and cost has focused attention upon these problems.
Methods are now available to predict both fatigue crack initiation life and crack
propagation life. Paradoxically the materials properties required for long fatigue
crack initiation life are incompatible with the requirements of high fracture toughness.
Thus, the conflicting design approaches and requirements placed on the material are

confusing and often impossible to satisfy.

Numerous publications dealing with a variety of fracture problems have led to
many new and useful developments. However, the synthesis of the concepts into
methods for design, testing and inspection has lagged.

This program of study is intended to comribute to the integration, correlation,
and organization of mechanics and materials concepts and research information into
a form that will permit enlightened decisions to be made regarding fracture control.
Reports are in preparation in three categories:

1. Research reports designed to explore, study and integrate isolated
and/or conflicting concepts ard methods dealing with life prediction,

2. Reports to introdu~e and summarize the state-of-the-art concepts
and methods in particular areas, and

3. Example problems and solutions intended to illustrate the use of
these concepts in decision making.

W Ot

H. T. Corten
Principal Investigator
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ABSTRACT
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It is shown in this study that linear elastic fracture mechanics techniques do
not provide a consistent geometry-indenendent means of predicting failure in micro-
flawed ductile matrix materials. Several aspects of microflawed material behavior
during fracture testing suggest that considerable plastic behavior occurs on the micro-
scale in microflawed materials. Itis suggested that limit analysis techniques applied
first on the .nicroscale then extended to the macroscale may provide a consistent
means of failure prediction.
'_ Three-dimensional limit surfaces are developed for several types of micro-
‘ flawed materials. Comparison of these limit criteria with currently available the-
ories and experimental data on microflawed materials in the absence of macroscale
notches shows that the proposed theory is valid for smoo:h material failure predictions.
] Subsequent extension of the microscale limit surfaces to continuum macroscale
] structural analysis shows that the proposed theory will provide an upper bound failure
3 prediction. It is also shown that linear elastic fracture mechanics methods will pro-

vide a lower bound failure prediction.
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1. INTRODUCTION

In the past, engineering design utilizing microflawed materials, of which cast
iron is a prime example, has been based on elastic strength of materials conceprs.
This amounts to neglecting all ductility and plastic behavior of the material and
usually results in an overdesigned structure. This standard design procedure for
these materials has come about because of the different propertics of microflawed
materials in tension and compression and because of an inability to accurately pre-
dict the bending bechavior of these materials.

Typically, microftawed materials have different moduli of elasticity in tension
and compression, This leads to a noncentroirdal neutral axis and non-linear stress
distributions in bending situations (1)*. This fact manifests itself when extreme
fiber failure stresses from bending tests, calculated using elastic formulas, are
compared with elastically calculated failure stresses from tensile tests. Typically,
the elastically calculated bending failure stress is 30 to 50 percent higher than the
tensile failure stress. In this study "failurc" is defined as the inability to support
load without unlimited deformation or fracture. Failure load or stress is defined
as the maximum load or stress which can be supported by a part without unlimited
deformation or fracture.

The increased load carrying capacity of microflawed materials in bending
situations is usually neglected in design. Standard procedure is to simply use the
tensile yield strength as the limiting extreme fiber stress in bending. This con-
servative approach is taken in design bzcause of an inability to accurately predict

bending failure stresses.

“Numbers in parenthesic refer to list of references.




The problem of failure load or failure stress prediction in microflawed materials

is compounded if macroscale holes or notches are present. This problem has not been
satisfactorily approached and prediction of failure stress or load in microflawed ma -
terials under various loading conditions when macroscale notches are present is the
subject of this study. For purposes of the following discussion, a microflawed ma-
terial is defined as a material which has flaws, either holes or :nclusions, with the
smallest dimension not smaller than 10 microns. This definition excludes such micro-
scale discontinuities as dislocations but includes graphite particles in cast iron and
porosity in cast metals. Furtlier, discussion will be limited to those microflawed
materials which have a ductile matrix capable of plastic deformation. This rules

out materials such as ceramics in which plastic behavior is negligible or non-existent.

Over the past 10 to .5 years, the theoretical tool known as linear elastic fracture

mechanics (LEFM) has become a highly developed and utilized method for predicting
failure loads in materials which behave in a brittle fashion when a notch or crack is

present. The plane strain fracture toughness, KIc is the major parameter used to

characterize fracture in this method. KIc is thought to be geometry independent.
Hence, if KIC is known, LEFM techniques can, in principle, be used to predict

failure loads of a notched part with any shape macroscale notch under any loading e
condition. This tool seems to be ideally suited to the current problem and is the I
obvious method to apply. Several investigators (2, 3,4, 5, 6) have attempted to use

this method in studying failure of cast irons and cast steels. The combined results

of these studies are somewhat inconsistent as will be discussed in Chapter 2. In an

ol e I o e e

effort to clear up some of these inconsistencies, an investigation using various geom-
etries of fracture toughness specimens made of gray cast iron was undertaken. The .
conclusion of this LEFM investigation in gray cast iron was disappointing in that ' >

accurate failure stress in bending situations could not be predicted from information

e
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obtained in tensile tests and vice versa. At this point, two choices were available.
Either a modification of existing linear elastic fracture mechanics could be developed
or a different theoretical tool could be applied. During the fracture toughness testing
of the current study, considerable plasticity on the microscale was noticed. Because
of this, the latter tack was taken and the theory of plastic limit analysis was appiied
to the problem.

The theory of limit analysis was first developed for a continuum by Drucker,
Prager, and Greenberg (7). Subsequently, various investigators applied this tech-
nique to such things as plates with holes (8,9, 10), soil failure (11, 12), reinforced
concrete beams (13), and fibrous composite materials (14, 15). In this latter work
on composite materials McLaughlin and Batterman (14, 15) first developed limit cri -
teria for sniall, representative elements of larger structures. Since these limit con-
ditions were set up for representative elemeats, they can, under certain circumstances,
be used in continuum structural analysis. The conditions under which the representa-
tive element limit conditions can be used on the continuum structure depend on the con-
straints imposed on the structure and the size of the representative element when com-
pared with the total structure (16).

In the current work, this concept of developing limit criteria for representative
volume elements (RVE's) on the microscale and then extending these criter.a to mac-
roscale structures will be employed. Chapter 3 includes a development of the various
limit conditions for two types of RVE's as well as a comparison of the proposed limit
criteria with other failure criteria and with data available in the literature on smooth
specimen tests. In Chapter 4, these RVE limit criteria will be used in macroscale
limit analysis of bars in tension and beams in bending.

The theoretical results of this study are valid for any microflawed material

which has a microscale structure similar to the RVE's to be studied and having a

i A L o




ductile matrix. However, since a good example of these types of materials are the
cust irons, the comparisons of experimental and theoretical results discussed herein
will be for cast irons. The proposed theory adequately predicts the failure stress for
smooth bar situations under various loading conditions. Further, the microscale limit
surface can be extended to the macroscale in order-to provide a failure prediction tech-
nique for several of the notched specimens used in the current study. It will be shown
that the result of this macroscale extension of microscale limit criteria to cases in-

1 volving macroscale niotches is to provide an upper bound to failure load prediction.

On the other hand, it will be shown that the linear elastic fracture mechanics method

t provides a lower bound to actual failure loads.




2. LINEAR ELASTIC FRACTURE MECHANICS APPLIED
TO A TYPICAL MICROFLAWED MATERIAL

2.1 Introduction

In this chapter, currently available literature, in which linear elastic fracture
mechanics techniques have been utilized in analysis of typical microflawed material

failure, will be reviewed. The materials studied in this literature have been gray and

nodular cast iron. Also to be presented in this chapter are linear elastic fracture

mechanics data from a gray cast iron study which was undertaken for this current
work. It will be shown that linear elastic fracture mechanics parameters cannot be

used in predicting failure of a notched microflawed material.

In the interest of brevity and clarity, discussion of the meaning of the fracture

mechanics terminology and details of fracture mechanics testing have been put into
Appendix A and B respectively, rather than in the body of Chapter 2. Hence, in

what follows it will be assumed that the reader is familiar with the contents of

Appendix A and B,

2.2 Literature on Linear Elastic Fracture Mechanics Applied to Typical Micro-
flawed Materials

In 1969, Glover and Pollard (3) presented data in which the plane strain frac-

ture toughness, KIC of a gray cast iron approximating the specifications of the Amer-

Ican Society for Testing and Materials (ASTM) for Class 30 cast iron were reported.

The reported ch for as-cast material with normal flake size and 100% pearlite matrix

was 17,5 ksiNin, as measured in a four point bend test. In the work from which the

Glover and Pollard publication was derived, Glover (2) showed that the "apparent KIC"

did not vary with specimen thickness down to 0.0984 inches. The Glover (2) and

Glover and Pollard (3) "apparent KIC" is taken to mean the conditional K. or K

Ic Q

obtained from experimental load-di splacement P-v records (Appendix B). K

Qis
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equal to K. only if the P-v record meets certain criteria on linearity. These cri-

Ic
teria are set up to operationally defin:- the load at 2% crack extension.

Brandt (4) conducted an investigation which included the determination of plane
strain fracture toughness values for ductile iron, gray iron and .23% cast steel.
Table 1 lists Brandt's results for ducrtile and gray cast iron. Brandt first tested
notched three point bend bars at -50°F which were 5 inches deep, 20.5 inches long
and 2.5 inches thick. At this temperature, Brandt found that the P-v records of all
three materials studied were non-linear and the ASTM criteria for valid KIc testing
could not be met. Several tests were then conducted at -320°F where more linear
P-v records were observed and the ASTM criteria were valid. Brandt concluded that
the materials tested had a good deal more toughness than would be expected from strict
application of the ASTM size criteria for valid ch testing (see Appendix B).

Lazaridis, et al. (5,6) conducted an investigation on several types of ductile cast
iron. For purposes of comparison of fracture resistance of the various types of iron,
the fracture toughness of single edge notch tension specimens (3/4 inch thick) was
used. One of the ductile irons studied is approximately equal in yield strength, tensile
strength and elongation to the ductile iron tested by Brandt (4). Table 2 lists the re-
sults of Lazaridis et al. for this ductile iron at -40°F. The average value is higher
than Brandt's KQ listed in Table 1 for three point bend tests at -50°F. However, at
-50°F, Brandt found three point bend tests were not valid whereas Lazaridis et al.
obtained valid tests at -40°F on single edge notch specimens.

Thus, tests at approximately the same temperature but for different geometries
give conflicting results in terms of KQ and validity criterion. It is also interesting
to note that if the thickness for valid toughness testing (Appendix B) is applied to these

tests, then Brandt's tests on 2.5 inch thick bars should be valid whereas the tests of

Lazaridis et al. on 3/4 inch thick plates should not have been valid. Further, in both

B Lot s o e R e U e e e B e T e e et s




cases, the secant corrected loads, PQ used operationally to define crack extension

and hence KQ’ are considerably below the final fracture load. Thus, if KIc can be
found, LEFM techmques could still not be used to predict failure since only the
lnad for crack extension would be defined.

It appears from the sketchy data available, that ch may not be geometry inde-
pendent in cast iron. Further, the non-linear behavior of cast iron may mean that
KIc can be used to predict crack advance but it may not be useful in predicting fail -

ure loads for notched parts. In order to investigate these points further, an inves-

tigaticn using fracture toughness specimens of different geometries was undertaken.

2.3 Current Investigation of Linear Elastic Fracture Mechanics Techniques Applied
to Gray Cast Iron

In the current study, several geometries of fracture toughness specimens were
utilized. The material used was ASTM Class 60 pearlitic matrix gray cast iron with
type A-1 graphite. Figure 1 is a typical enginecring stress-strain record for the
material in tension and compression (17). Table 3 lists the chemical composition
of the material. The fracture toughness specimens were taken from portions of a
twelve foot diameter cylinder with a 3.22 inch wall thickness. Table 4 lists the var -
iation in proportional limit stress, .2% yield stress and ultimate stress at the inner
third, middle third and outer third of the 3.22 inch thickness.

A series of three point bend (3PB) fracture toughness specimens were tested
at various temperatures in both the fatiguc precracked and not fatigue precracked
condition. The specimen dimensions are shown in Fig. 2. The curvature shown in
the figure is exaggerated and comes about due to the six foot radius of the cast cylinder.
This curvature will not alter the test results since it is small in the actual specimen,
The maximum load Pmax’ was recorded for each test and the stress intensity based
on P , called Kmax values were calculated. Table 5 lists the results of the test

max

for all cases. In these tests, as with the others in this study, the stress intensity




equations were obtained from Ref. 18. No appreciable difference was noticed 1n the
Kmax values between the machined notch and the machined notch plus fatigue crack
cases with approximately the same crack length. For this reason, all further testing
was conducted on machined notched specimens only. The three point bend tests also
revealed that the maximum load and Kmax did not change significantly with increased
temperature up to 400°F. Therefore, all further testing was conducted at room tem-
perature.

Several tests were conducted on a compact (CT) specimen geometry with di-
mensions as shown in Fig. 3A. These specimens were cut from segments of the
cylinder as shown in Fig. 3B. The maximum load and corresponding Kmax values
for these tests are shown in Table 6. Three additional compact specimens were
tested and the load versus crack mouth displacement records were taken. These
records are shown in Fig. 4 along with a table showing the secant corrected load,

PQ’ the maximum load, P the KQ value and a comment on whether or not the

max"'
ASTM criteria for P-v records has been met.

Circumferential notched tensile (CNT) specimens and double edge crack (DEC)
specimens were also testzd in the current study. Figure 5 and 6 show the geome-
tries tested. Table 7 lists the pertinent specimen dimensions, fracture load and
Kmax values for the c.rcumferential notch tension test. Table 8 lists the same infor-
mation for the double edge crack plate specimens.

It terms of Kmax values, the circumferential notch tensile data from three
different size specimens have much lower toughness than the three point bend data.
Table 9 summarizes pertinent test data for the four specimen geometries tested.

As the component of load attributable to bending decreases from the three point bend
to the compact tension to the double edge crack plate and finally to the circumferential
notch tension, the maximum load and Kmax are continually decreasing. Further, it is

seen from Table 9 that the valid secant corrected data from the compact specimi ns

agree with the Kmax values from the two types of notched tension tests.

b
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Several pertinent observations were made during the current study. First,

catastrophic failure did not occur suddenly in the three point bend or compact spec-
imen testing. Instead, the cracks extended gradually below maximum load and as

the load was increased, the cracks grew. There was no "big bang’' characteristic

of fracture toughness testing except 1n the direct tension tests. Also, microscopic
observations at the crack tip in the compact testing revealed plastic action at the tips
of graphite flakes. This was evidenced by dimpling of the matrix areas ahead of the
flakes. Another investigator has not:ced this (19) and Fig. 7 is a photograph of this
effect. Finally, application of the ASTM criteria on required thickness of fracture
toughness specimens indicated that all tests should have been valid. Using KIc = 18.8
from the valid CT test and a yield siress for the middle of the casting of 45 ksi a thick-
ness of 0. 435 inches is required for valid tests. Since all specimens were tested in

1 inch thickness, they all should have yielded valid KIc'

2.4 Conclusions of Linear Elastic Fracture Mechanics Testing and Microflawed
Materials

Two things are apparent from the available literature and the current testing
program. First, all information indicates that standard ASTM procedures do not
provide satisfactory results when used in fracture toughness testing in cast irons.
Secondly and more importantly, it is not possible, using LEFM techniques, to obtain
geometry independent parameters with which to characterize failure in cast irons.

This can be demonstrated by a simple example. In the current study, the K. from

Ic
the compact tests is 18.8 ksiNin. This value can be used as the critical stress in-
tensity in an analysis of a three point bend test. As an example, the specimen dimen-
sions of 3PB-1 listed in Table 5 and the stress intensity solution for this geometry
given in Ref. 18 will be used. Solution of the stress intensity equation for the load P

gives Pmax = 7.55 kips. Comparison of this calculated maximum load from the tensile

fracture toughness with the actual fracture load of the specimen, which is 18. 8 kips

from Table 5, shows a considerable discrepancy.

i e we




e

10

One reason that linear elastic fracture mechanics does not yield a good predic-
tion of failure in bending is due to the different elastic moduli in tension versus com-
pression in microflawed materials., The formulas of linear elastic fracture mechanics
for bending situations have been derived assuming a material with equal moduli in ten-
sion and compression. This is evidenced by the use of the elastic bending formula,

o = Mc/I in the various bending stress intensity derivations. In a microflawe:d ma-
terial such as cast iron, the modulus of elasticity in tension and compression are not
equal as shown in Fig. 1. This means the neutral axis of a beam is not at che centroid.
Further, Draffin and Collins (20) have shown that the neutral axis shif s during loading.
Thus, even if the technology of linear elastic fracture mechanics could be modified to
account for the off-center neutral axis, some method of accounting for shifting of the
neutral axis would have to be developed if the failure load is to be predicted accurately. =-

This shifting of the neutral axis in microflawed materials is most likely why
Pmax and Kmax values of the current study show a decrease from three point bend
to compact to direct tension. As the component of load due to bending decreases, the
amount of material subject to compression decreased, the neutral axis location be-
comes less important, and the fracture load decreases because of the lower strength
of the materia!l in tension versus compression.

Two alternatives are apparent for the accurate failure prediction of microflawed
materials with macroscale notches. First, the concepts of linear elastic fracture

mechanics can be modified to account for the neutral axis shifting. Some of the cur-

rently available non-linear fracture mechanics techniques such as the J-inregral or

R LW e I

R-curve methods could be useful in this regard. However, these techniques have been f
developed with the aim of determining fracture toughness on specimens smaller than

required according to ASTM criteria. Indications from the literature and current

study indicate that the bend specimens tested more than met the size requirements
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of ASTM. Further, even if a JIc and hence a KIc could be determined from the P-v
record of a bend test, failure loads could still not be predicted. The same problem
of using KIc to predict results, discussed earlier, also arises here: namely, KIc
can predict crack extension but not failure.

The other alternative, and the tack to be taken in the remaiiader of tiis work,
1s to investigate the apparent microscale plasticity in cast iron fu., 2 and attempt
to employ plasticity theory on the microscale. Two important faciors indicate that
considerable plastic behavior is exhibited in the matrix material of cast irons. The
first is the fact that considerable non-linearity is noted in both stress-strain records
of tensile tests and P-v records from fracture toughness tests. The other factor is
that microscale plastic action has been observed at the tips of graphite flakes in both
the current investigation and others. For these reasons then, it appears that a study
of plasticity as applied to microflawed ductile matrix materials may lead to a useful

technique for failure prediction.
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3. FAILURE SURFACES FOR MICROFLAWED MATERIALS
BY LIMIT ANALYSIS TECHNIQUES

3.1 Introduction

Because of microplastic action between flaws which has been observed in micro-
flawed materials, it is hypothesized that failure of such materials does not occur until
the plastic Limit load of small elements of material is reached. Therefore, limit anal-
y3is of representative volume c..inents will be performed, and the resulting limit
loads, expressed as a surface in principal stress space, Will be in effect equivalent
to a continuum failure surface for the material.

The steps to be followed in the subsequent analysis are illustrated in Fig. 8.
The first step is to develop a model consistent with the real material. This model
must be representative of the real material and macroscale structures must be made
up by stacking the representative elements in various arrangements. The model will
be called the representative volume element or RVE. If a failure or limit surface
can be developed for the RVE, this surface, with certain restrictions, will be a valid
Iimit criterion for