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I. Introduction

It is now clear that ductile fracture consists of several stages
which are in order: nucleation of holes by the internal fracturing or
interfacial decohesion of inclusions, plastic growth of holes, local-
ization of hole growth in inextensional zones, formation and growth
of a crack. All but the first of these processes have been studied
in detail by many investigators over the past decade (see e.g.
McClintock 1968, 1969, Rice and Tracy 1969, Berg 1970). Although
some microsttuctu;al studies have also been made on inclusion separa-
tion (See, e.g. Roesch and Henry 1968, Palmer and Smith 1968, Gurland
1969) the quantitative conditions for the process remain insufficient-
ly understood. Here we report the results of an approximate analysis,
and an experimental investigation on hole nucleation from non-deform-
able equiaxed inclusions in ductile matrices,
IT. Analysis

Experiments on non-cleavable ductile metals, free of inclusioms,
show that in tension such materials undergo only rupture by thinning
to a point or line; and that when inclusions are present holes nucle-
ate preferrentially by interfacial decohesion. This suggests that
very large plastic strains alone do not produce decohesion in a duc-
tile metal, and that the inclusions not only produce local strain
concentrations, but also provide surfaces of lower cohesive strength.
We assume therefore that the local criterion for hole nucleation is
one of critical interfacial normal stress, and that this stress can
be affected by both a plastic drag which the plastically deforming
matrix sets up on the less deformable inclusion, and by the general
level of mean normal stress in the locality. We only consider inclu-
sions of such a size (>2008) for which the stored elastic energy in
the inhomogeneous strain field around the inclusion is many times the
surface energy of the interfacial cavity. We idealize the problem by

considering the inclusion as a rigid circular cylinder and the matrix
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a rigid plastic continuum with either a constant flow stress Y and
no hardening, or with zero yleld stress and linear hardening., As
discussed by McClintock and Rhee (1962) these two conditions for mat-
rix behavior form bounds for all other plastic matrices with strain
hardening, The choice of a continuum view is justified for inclusions
of a radius much larger than mean dislocation spacings, which is nor-

mally the case for most inclusions important in ductile fracture.

a) Non-hardening continmuum: The interfacial normal stress around a
circular rigid inclusion in a rigid plastic continuum was investigated
by a finite element program for a square region under boundary shear
tractions containing a central circular inclusion occupying 1Z of the
area. The analysis was continued beyond the point where the entire
region became fully plastic until the distribution of plastic strain
increments over the region showed little change, The maximum inter-
facial tensile stress was found to be nearly (v/3/2)Y at the point across
the direction of maximum tensile stress,

b) Linearly-hardening continuum: The interfacial tensile stress for a

linearly hardening continuum was obtained directly from Muskhelishvili

(1953) from the solution for a rigid circular inclusion in an elastic

continuum under shear tractions, for which the Poisson's ratio was tak-

en to be ¢,5. The maximum interfacial tensile stress was found to be

twice the magnitude of the boundary shear traction which of course

must be equal to y/v%, where Yy is the current flow stress in tension.
Taking these two results as bounding limits the interfacial ten-

sile stress o = g - 0, resulting from plastic drag must be
rr rr T
< = 0. X
(V3/2)x <o p < (248)Y (1)

where Grr is the total interfacial tensile stress and OT the local
mean normal stress. The solution of Huang (1970) for a strain harden-
ing material of a Ramberg-0Osgood type with a stress exponent n=7 falls
within these limits. Considering that the limits are quite close to-
gether we take the average value which these two limits give for the

total interfacial tensile stress

g =y(@EP) 4+ o
rr n bid

3.

where, Y(Eﬁ) represents the average tensile flow stress in the local-
ity of the inclusion where the average local equivalent plastic
strain at hole nucleation is Eﬁ. Holes would nucleate when L
reaches the interfacial strength,

III. Experiments

Experiments were conducted on a) a spheroidized 1045 steel with
iron carbide inclusions of lu average size, and b) an unaged maraging
alloy (VM-300) of the nominal composition of 0.04C, 0,1Mn, 0.151,
18N1, 9Co, 4.5Mo, 0.6Ti, 0.1A1, bal. Pe. with titanium carbide inclu-
sions of also luy average size.

Experiments were performed on round bars with pre-machined
"natural-neck" geometries of initially different gq/R ratios (where
a is the radius of the minimum cross section at the neck and R 1is
the lateral radius of curvature at the neck) to obtain different
distributions of local mean normal stress. The natural-neck contours
for increasing a/R ratios were determined experimentally from measure-
ments of strained round iars of inclusion free material of the same
strain hardening capacity., This procedure was necessary to avoid un-
known strain distributions which would otherwise arise (see Clausing,
1967 and McClintock, 1971).

All tests were continued to fracture while the current g/R ratio
was continuously monitored. One side of the fractured specimens was
cut and polished along the central plane parallel to the axis, and
examined in the SEM to determine the position of the inclusion on the
axis and farthest from the fracture surface, which had just undergone
separation. The local equivalent plastic strain at this point was
determined from the change of geometry with reference to the unde-
formed shape, while the local mean normal stress was determined both
from an extension of the Bridgman (1952)(B) solution along the speci-
mens axis and also from the solution of Needleman (1972) (N) for a
necked bar with a strain hardening stress exponent of 3. The total
interfacial tensile stress for decohesion was calculated from (2).

The results are given in Tables I and II.
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Table I
Spheroidized 1045 Steel

R, 0@ g g
1 0.10 1,00 o0.770 0.36 146 0.34 0,403 196 205
2 0.10 0.95 0.735 0.43 148 0.34 0.416 198 209
3 0.25 0.96 0.558 0.66 154 0.34 0.565 206 241
4 0.25 0,98 0.562 0.56 151 0.34 0,498 202 226
5 0.50 1,35 0.522 0.55 151 0.36 0,701 205 259
6 0.50 1.44 0,675 0.33 144 0.34 0.646 193 237
7 1.00 2,13 o0.450 0.98 165 0.44 0,932 238 318
8 1.00 2,33 0,422 0.66 154 0.61 0,990 248 306
Table II
Unaged VM 300 Steel
1 0.10 0.357 0.710 0.844 218 0.34 0.20 291 261
2 0.25 0,615 0,750 0.660 202 0,34 0,273 270 258
3 0.50 0.725 0.640 0.660 202 0.34 0.400 270 283
4 1.00  1.070 0.360 0.844 218 0.48 0.650 322 360

IV, Conelusions
Inspection of Table I shows that the data on external contour
at fracture and the position of separated inclusion 1is subject to con-
siderable scatter due to the difficulty in resolving cracks around
inclusions. This becomes amplified by the uncertainties in the com-
Putation of the mean normal stress by either the extension of the
Bridgman analysis or the solution of Needleman for bars with initially
contoured geometry, If this spread in results 1s ignored and only the
average value of 311 specimens for one material is considered, we find
T ™ 211-252 ksi for spheroidized 1045 steel and O e ™ 289-292 ksi
for the VM 300 steel, by the Bridgman, and Needleman analyses respec-
tively, Thesge values are nearly 12 of the Young's modulus of {ron and
are in a range of the expected interfacial cohesive strength between
the iron matrix and a non-metallic inclusion.
The work has been supported partially by NSF through Grant No.
GK1875X and partially by ARPA through Contract No., DAHC15 70 C 0283.
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