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"Materials tests traditionally involve symmetric specimens, in which the
crack advances between two slip bands into undamaged material. In practice,
asymmetries often occur for cracks near welds, fillets, or shoulders. Then the
deformation 1is focused into a single band, along which the crack advances intc
pre-damaged material. A measure of fully plastic crack toughness is the crack
growth ductility, defined as the extension required (as a fraction of the
original Iigament) per unit load drop (as a fraction of maximum load). The
crack growth ductility thus provides a measure of the stiffness of the sur-
rounding structure that is rcquired for stability of the entire structure.

The main result of this work is to show that in typical structural allcvs
with low strain hardening, asymmetries reduce the crack growth ductility bv a
factor of two to three, Asvmmetries have little effect on the displacement
tor initiation, or on the crack growth ductility of higher hardening allovs,
such as anncaled, hot rolled, or normulized steels.
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Mixed Mode 1 and Ii Fully Plastic Crack Growth: Summary Report

Frank A. McClintock

Department of Mechanical Enigneering,
Massachucsetts Institute of Technology

Cambridaoe MA 02139

Summary

14 a structure cracks, it is desirable that any crack growth be fully
plastic to provide large deflections, both for stability by load-shedding
to other parts of the structure, and for facilitating crack detection
before faliure cf the entire structure. Unstable fractures are not only
serious in themselves, but they may lead to a transition to brittle
tleavage fracture that can propagate through parts of the structure that
are much more lightly loaded. Materials tests are traditionally carried
out on symmetric specimens, in which the crack advances between two slip
barnds 1nto undamaged material. In practice, asymmetries often occur for
cracks near welds, fillets, or shoulders. Then the deformation is focuced
into a single band, along whicth the crack advances into pre-damaged
material. A measure of fully plastic crack toughness is the crack growth
ductility, defined as the extension required (as a fraction of the
original ligament) per unit load drop (as a ¢raction of maximum load).

The crack growth ductility thus provides a meacure of the stiffness of the
surrounding structure that is required for stability of the entire
structure.

The main result of this work is to show that in typical structural

alloys with low strain hardening, asymmetries reduce the crack qrowth

ductilitv by a factor of two to three. Asymmetries have little effect on

the displacement for initiation, or on the crack growth ductility of higher

hardening alloys, such as annealed, hot rolled, or normalized steels.
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The demorstration and description ot this loss of ductility, the
studies aimed #* understanding 1t, and some related exploratory results 1o
ductile fracture are discussed with reference to the preceding and currert

progress reports or the resulting papers.

1. fén Approxaimate Eguation for Fullv FPiactic Mode 11 Cract Growth

from an Asvmmetric Weld Defect (McClintock and Slecum 1983, also ThOt).

A model assuming the crack grows directly along the slip band allows
develaping an approximate equation that predicts that the crack growtn
ductility varies directly'fs the cratical frecture strain Y. and
inversely as the logariths of the total crack advance per unit fracture
nucleus spacing o . The egquation provides a basis for predicting large-
scale, fully plastic tracture from small specimens, but fails to predict

the Jarge loss of ductility observed in low strain-hardening allays.

2. Tests and Interpretation of Mixed Mode 1 and Il Fully Flastic

Fracture from Simulated Weld Defects (kardomateas ang McClintack, TRO&),

Moet fracture tests use symrstric specimens, with the crack advancing i1ntc
the relatively undamagec region between two plastic shear zones. R crack
near a weld or shoulder, loaded i1nto the plastic range, may have onlv a
single shear band, however, along which the crack grows into prestrained

and damaged material with less ductility than the usual symmetrical

confiqurations. Tests on six alloys show that the crack growth gductility,
defined as the minimum displacement per umit ligament reduction, is less |
in the asymmetric case than in the symmetric one by a factor of 3 for low-

hardening allays (with strain hardening exponents n & 0,1}, This means

that with the low-hardening (typically high strength) alloys, the

surrpunding structure must be J times stiffer for fracture-stable desion.

For higher hardening alloys (n ® 0.23) the track growth duct:ility is less

in the asymmetric case by a factor of at most 1.2. The crack initiation

ducttility (here approximately the crack tip displacement LTD) 15

relatively unatfected by asymmetry, but it canpot always be relied on far

ductility, (e.g. 1n low cycle fatigue). Therefore tests such as these on

crack growth ductilaty are needed for help i1n design and maintenance c»
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structures.

3. Fractographic Observations in Asymmetric and Symmetric Fully

Flastic Crack Grewth t(Kardomateas 1986, also TRO4). Electron micrographs

suggest a mechanism or fracture concisting of fracture on one plane
alternating with slip on cne or two others. The usual svmmetric case
chows more equiaxed voids, while the low ductility asymmetric case showus
more elongated voids. An "apparent crack ductility” is defined as the
ratio of the sliding ot+ area to the total area including the hole growth
area. This apparent crack ductility is mych higher than the more ,
merroscopic crack growth ductility, but r;hks the symmetric and asymmetr.c

specimens of high and low hardening in similar order.

4. Displacement Fields for Mixed Mode £lastic-Flastic Cracks

(Kardomateas, 1986, also TR0S.. The displacement fields for deformation
theory, power law plasticity are found from the Shih strain fields for the
nixed mode case. These are needed to extend the McClintock and Slocum
model to the more realistic case where the shear band i1s of finite width
and the crack progresses to the tensile side of the shear band. The

displacement fields should be useful 1n many other applications as well.

3. Snear Band Characterization of Mixed Mode I and Il Fully Plastic

Crack 6rowth (McClintock and Kardomateas, 1984, TRO/). A characterization
locally by the directions and amounts of fracture and slip on two or three
planes provides relations between those microscopic quantities and
macroscopic ones, including the crack flank iengths and directions, the
overall slip direction, the deformation of the back surface, and the crack
growth ductility. The crack growth ductility is of practical importance
in determining the stiffness of the surrounding structure that is needed
to prevent unstable fracture.

Applied to six different structural alloys with strain-hardening
exponents from 0.1 to ¢.l, the modei gave crozk growth ductilities within
10% for the symmetrical configurations, where the values ranged frum 0,25

to 0.4, and were unrelated to the strain-hardening exponent. Correlations
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with back angle were within 25%, with one exception.

For the asymmetrical configurations that occur near welds or
shoulders, the crack growth ductility for the low hardening materialcs
drops to 0.07 to v.1l for the low-hardening alloys. The predicted values
were uniformly high by a factor of two, thus giving a good relative
ranting of materials. Correlations with the end-to-end displacement
girection and with the lower projected ligament lenath and flank anole
were all within 10%,

This slip plane model of fully plastic crack arowth theretore
provides a useful correlatiorn between macroscopic measur§ments, made on
the specimens after fracture, and the important loss of €rack growth
ductility that occurs 1n asymmetric configurations with materials with .ow

strain-hardening.

6. Finite Element Study of FPlane Strain, Fully Flastic. Mixed Mode 1

and Il Crack Growth (Chap. 5 of Kardomateas, 1982). Neglecting blunting

of the crack tip led to a serious underestimate of the strain to
initiation. ERarly orowth, studied by successive removal of four eiementes
reaching unit damage, shows crack growth within 207 of that observed

experimentally. Further interpretation of the results is under wav.

7. 0On Fully Plastic Flow past a Growing Mixed Mode I, II Crack and

1ts Relation to Machining Mechanics (Chap. & of Kardomateas, 1985). The

assumption of a finite crack opening angle, found in both fully plastic
crack growth and machining, leads in a linearly strain-hardening material
to the paradox of flow past rigid flanks, but a logarithmic singularity 1n
mean normal stress at the crack tip. Such a singularity could be relieved
by strains of an elastic order of magnitude, leaving the rigid-plastic
deformation ¢ield that was found relatively exact. This hypothesic 1¢
substantiated by considering the elastic-plastic field for a growing crack
(Fonte-Castaneda 19853), for which the strain «y at a radius r was civen

in terms of the yield strain Yy at a characteristic radius K by

r = -(y(R/r)S ,
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where s « (0.1 for typical allovys., Taking R to be 10mm and YV to te
¢.007, the radius r at which the elastic-plastic singularity would
dominate even a relativelyv small plastic fracture strain of g = 0.1 1¢

r = 10mm0.003/0. 1Y% 1 = 1omm0.03 % = s.9x107%mm

Even with a much larger assumption of K, the result i1ndicates that &
rigid-plastic solution would dominate throughout the fracture process

ccne. which 1s pof the order of .00 to O.lmm.

£. Fully-filastic Crack Growth 1n ésvmmetric Flane-Strain Bendinc

\Mcllintock and Wu, TROB). Since bending involves more triaxiality and
less ductility than the tensile loadings discuesed above, studies were
made bt asymmetric beno specimens. Extensive studies of specimen desion,
using slip line theory, showed that cantilever loading of shoulder
contigurations was necessary to limit the flow to a sinale slip line,
praducing the decired asymmetrv., In bend:ing, two ductility measures are
needed; first a structural crack growth ductility, defined as the relative
diepiacement at the load point per unit fractional load drop, and second,
the lggii_crack growth ductility defined as the local displacement per
unit of crack growth. Tests on medium strength, low hardening steels (HY-
B0 and HY-100) showed that, for the limited triaxiality that could be
produced, the local crack growth ductility under bending was reduced below
that for tensicn by a factor of 1.5 for both symmetric and asymmetric

specimens.

9. A Wedge Test for Quantifying Fully Plastic Fracture (McTlintock

and Wineman, 1986). A test using two wedoges splitting a small, doublv
grooved specimen allows measurement of stable. fully plastic crack
initiation and growth under variabie amounts of triaxiality. In wedge
tects, 2Smm cubes ot 1018 hot rolled steel in three different crientaticrs
exceeded the limit load predicted by placstic slip-line f1elds. The tests

geve track taip initiation displacements of O.7-0C.bmm, regarciecs o
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crientation. Since microscopic examination of the fracture surfaces
indicated that the wedges supprecs bluntine, the presence of non-zerc
in1tiation displacements suggests that a fracture process zone of finite

tnicknees must be establiched berore crack growth, During crowth. &

Fa s 3 0 8 0,

epecimen with roiling directicn normal to the crack plane hag a crack

growth ductilartv vminmimum dicsclacement per unit ligament reducticn: of
.Uve-G. U0, compareog to ductilities of 0.018-0.0I7 for cspecimens with
roiline direction paraliel to the crack front or parallel to the growth
direction. The lower ductilaity with the crack normal to the rolline
girecticon appears to be cue to a smoother fracture surtace without

zigzagoing between anclusion stringers.
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