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The study of crack tip behaviour in the ductile-cleavage and ductile-
fibrous fracture régimes(l)1 has mede use of direct and empirical
measurement methods. Crack opening displacement (COD)» as a measure of
critical fracture strains coupled with mechanistic studies of the crack
extension process: have been valuable to our understanding. Howevers
COD alone is insufficient to describe the events pertinent to ductile
crack extension.

Work on the mechanisms leading to fracture subsequent to yielding
has shown that crack extension results from two processes. Tnitially:
tstretch zohe formation' occurs adjacent to the fatigue crack (¥ig 12
The stretch zones inclined at ~45° to the fatigue crack plane exhibits
coarse slip bands» in the form of wavy markings. Severe microstructural
distortion is seen in grains adjacent to the stretch zones resulting
from the plastic strain ahead of the crack tip. This deformation behav-
jour is consistent with the well-known mechanssm of nglternate slip"(Z).
Stretch zone formation represents the creation of new gurfaces: whilst
a relatively sharp crack profile is maintained.

Ductile extensions leading to either final cleavage fracture or
continued ductile fibrous fracture» occurs after stretch zone formation
(Fig 2)s a6 a result of void nucleation and growth. In vacuum melted
steelss small voids originate at cracks in grain poundary carbides
(Fig 3) and pearlites where the ductility of the ferrite matrix is suf-
giciently high to impede crack propagation. With commercial steels
ductile fibrous fracture is undoubtedly affected by non-metallic inclu-
sions and segregation (eg pearlite banding). For examples large MnS
jnclusions influence stretch zone formation by producing large shear

cusps leading into the fibrous fracture region (Fig b).
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The growth of fibrous fracture has been examined in two C/Mn steels
of similar compositions one containing elongated Mn S stringers; the
other containing discrete rounded sulphides, produced by rare earth mod-
ification. The former steel has very poor fracture resistance since
fracture occurs by separation along the incipient crack-like interfaces
of the thin, often fragmented, MnS stringers (Fig 6a). Significant
improvement in fracture resistance is observed with the modified steel,
where fracture is by void nucleations growth and coalescence around the
better distributed inclusion species (Fig 6b),

Fractographic examination of fracture toughness samples confirms
that there is a Teasonable relationship between stretch zone width and
COD up to fibrous fracture initiation (6i) which is apparently unaffec-
ted by changes in ferrite grain sige, carbon content and test tempera-
ture, It is significant that sustained loading in thisg region does not
result in catastrophic fracture, Above 6i, crack growth commences at a
rate dependent upon the microstructure, anisotropy, starter crack direc-
tion and the void nucleation/growth characteristics_of the steel, ulti-
mately leading to unstable propagation,

Using an electrical potential technique; it has been found possible
to monitor the crack extension processes during loading (Fig 5). 1t
has been suggested that the COD at the initiation of ductile cracking
8iy is a significant factor controlling the ductile failure process.
However, experiments under the influence of a static forces which result
in COD values greater than 6i, indicate that crack growth in some cases
ceases» on account of a crack blunting mechanism, This suggests that
at some higher COD level the c¢rack tip blunting would be insufficient
to stop crack growth so that failure would be time dependent and influ..
enced solely by the rate of ductile crack extension, For convenience,

this COD value isg termed 6¢, see Fig 5, This figure also illustrates a
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difficulty encountered in some steels in determining 6i, which is
dependent upon there being a distinguishable change in gradient of the
crack growth curve. In situations of considerable ductile crack growth,
it is apparent that, as crack extension can occur at g coustant crack
tip strain, the elastic and plastic regions will differ according to
the testing system, which will result in considerable ambiguity in
defining a meaningful & value above 6i,

From the foregoing discussions it is considered likely that in
situations where ductile crack extension constitutes a serious problem,
the rate and level of energy dissipated in crack growth will assume gz
major importance, Crack growth rate data for the two C/Mn steels
referred to earlier, which are of similar strengths is shown in Fig 6,
as determined from fully instrumented notched bend tests, The data is
presented in the form of a resistance curve and clearly illustrates
the importance of metallurgical variables, especially inclusion shape,
and distribution.

In conclusions from a microstructural viewpoint, the point beyond
which COD is no longer a sole function of stretch zone width, (ie above
6i) where ductile fibrous fracture commencess is clearly dependent upon
the mechanics of void nucleation and growth, Of significance is the
types size and distribution of second phase particles: along with the
matrix properties and the nature of the interface between the phases;
since these factors primarily control the events of ductile crack
extension through to final fracture,

These observations are of direct relevance to structural steel
development, in particular the use of controllea processing to achieve
adequate strength with microstructural improvement, coupled with clean
steel production, where the number of inclusions have been suitably

reduced and possibly modified in shape.
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l Such an approach should help to
Tesolve the contradictor
! Y property requirements
based on ener
8y and

fracture a i
ppearance, Flnally, any attempt to evolve a meaningful

. s
j:-acture cri terl()nv must take into account both metallur i
. gical and
mechanlcal aspeCts of the failuxe Pprocess
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