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ABSTRACT

The characterisation of ductile crack initiation and stable crack growth has been
studied in a low strength C-Mn steel. The effect of stress state on the value of
the J integral fracture parameter at initiation and the slope of the J resistance
curve has been determined. In-plane constraint has been systematically varied by
testing specimens with the same thickness and crack length to width ratio but with
increasing widths up to 100mm. Out-of-plane constraint has been investigated using
specimens of differing thicknesses and with varying degrees of side grooving. For
each specimen varient a multi-specimen technique for determining the resistance
curve has been employed where the crack extension has been measured optically. 1In
addition, crack initiation as determined by the direct current potential drop
method has been simultaneously monitored. The results indicate that both the

initiation of ductile cracking and the slope of the J resistance curve are geometry
d?pehaéhtir An interpretation of the observed behaviour in terms of the stress and
strain field parameter characterising role of J is presented. The implications

with respect to specimen size requirements for 'valid' J testing are discussed. The

results of different technigques for measuring and defining initiation are compared.
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INTRODUCTION

The work reported here is part of a larger programme investigating ductile fracture
in steels. The objective is to improve our understanding of ductile fracture,
thereby providing the foundation for sound methods of predicting structural
performance and the improvement of material toughness by control of composition and
microstructure. The first phase of this study is to investigate the effects of
stress and strain state on the initiation and subsequent ductile crack growth in a
typical low strength constructional steel. This is being accomplished by employing
a multi-specimen J-integral elastic-plastic fracture mechanics testing procedure
for a wide range of specimen geometries and sizes. Other phases of the work are
concerned with a micromechanistic interpretation of the observed geometry effects
and the identification of the microstructural constituents which control ductile
fracture in low alloy steels.
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Ductile crack initiation and growth are the result of intense plastic deformation
in a zone surrounding the crack tip leading to void nucleation, growth and
coalescence or decohesion on intense shear bands. These micromechanisms of fracture
are known to be sensitive to both the states of stress and strain (McClintock,
1971, 1975; Goods and Brown, 1979; Argon and Im, 1975). Whilst the continuum
mechanical description of fracture offered by the J-integral and other fracture
mechanics parameters does not explicitly require knowledge of the details of the
micromechanisms and their relationship with stress and strain fields, an implicit
requirement for geometry and specimen size independence is that a similar crack

tip stress-strain field exists for a wide range of geometries, sizes and modes of
loading. Furthermore,if equivalence with the linear elastic fracture event is
required then this field should match that of the small scale yielding case
characterised by the elastic stress intensity factor, K. Various numerical and
analytical techniques have been employed to study crack tip stress and strain field
parameters as a function of degree of yielding and specimen geometry. These
techniques have provided both insight into anticipated geometry effects and
theoretical justification for standard testing procedures and design codes, but are
limited by the assumptions in their constitutive equations and do not address the
questions of how similar the field parameters need to be to ensure similar fracture
behaviour or over what distance ahead of the crack tip does the similarity have to
exist. These uncertainties can be answered either by a more complete understanding
of the stress-strain dependence of the fracture micromechanisms combined with more
realistic constitutive equations in theoretical analyses or by experimental studies
for a wide range of material/geometry combinations.

In this paper results are presented for a single basic geometry - the compact
tension specimen. The individual and combined effects of in-plane and out-of-
plane constraint have been investigated by systematically varying specimen width,
thickness and degree of side-grooving. The resultant effects on initiation and
subsequent stable crack growth, as described by JAa=O and dJ/da respectively, are

discussed with reference to theoretical studies of the field parameter characteri-
sing role of the J-integral, together with the implications regarding specimen
size requirements for standard testing procedures.

EXPERIMENTAL DETAILS

Material and Specimen Details

The material used in this study was a mild steel. The tensile properties and
chemical composition are given in Table 1. All specimens were extracted from a
single plate with the crack plane perpendicular to the dominant rolling direction
and crack growth direction parallel to the plate width.

TABLE 1

Chemical Composition, wt%

(o] Mn Si S P Ni Al Cu Mo T v

Q.22 1.05 0.04 0.08 0.03 0.15 ' <004 0.34 0.03 " <ELeL <001

Tensile properties

Lower yield stress, Oys 283MPa

Ultimate tensile stress = 494MPa

Specimens were of the compact tension type modified by allowing the specimen thick-
ness to vary independently of width, side-grooving and grooving the notch on the
loading line to facilitate location of a load-line displacement gauge. Four series
of specimens were manufactured:

845
13mm thick with widths of 26mm, 50mm, 75mm and 100mm
100mm width with thicknesses of 13mm, 26mm, 36.5mm and 50mm
standard 13mm, 25mm, 37.5mm and 50mm thick specimens
25mm thick, 50mm wide specimens with 0, 10%, 25% and 50% side-grooving.

Eight specimens of each variant were tested.

J-Testing Procedure

Fatigue pre-cracking of specimens was performed at room temperature using a
programmed load controlled to maintain a maximum stress intensity of 25MPavm for a

crack length to width ratio, a/w, up to 0.5 and 20MPavm from a/w = 0.5 to the final
crack length corresponding to an a/w = 0.55.

J testing was performed, according to specimen size, on one of two servohydraulic
mechanical testing machines with load capacities of 100kN and 500kN. Tests were
conducted under displacement control with a constant ram speed of lmm/min.
Specimen temperature was maintained throughout each test at 30 = 2°C. A constant
d.c. current of between 20 and 50 amps was passed through the specimen and the
resultant potential drop across the crack monitored with an accuracy of +0.25uv.
During each test load, ram displacement, load-line displacement and potential drop
were recorded on a multichannel recorder and a plot of load versus load-line
displacement simultaneously produced. Each specimen was loaded to a predetermined
value of load-point displacement unless a cleavage instability occurred when the
test was immediately stoppedé Following testing, specimens were unloaded and
sometimes heat tinted at 250 C before breaking open after cooling to -1960C to
promote a cleavage fracture mode.

The ductile crack extension was measured at nine equally spaced points across the
net specimen thickness from the end of the fatigue pre-crack to the beginning of
cleavage with an accuracy of *0.005mm using a travelling microscope. The average
crack extension, Aa, was calculated taking the average of the two surface readings
as a single value. J, corrected for crack growth, was calculated at the points on
the load displacement curve corresponding to the minimum in the d.c. potential
drop trace and at the completion of the test using the formula (ASTM, 1979) :

e [l_(o.75f(ao/w)—l)AA]
b

A
wher J. i =i=="F
i o Bb (ao/w)

1+B

f(a /w) =2
e} [1+32

2
B .= {(2ao/b) + 2(2ao/b) + 2}12 - (2ao/b+l)

area under the load versus load-point displacement trace
specimen net thickness
= specimen width

= original crack length including fatigue pre-crack
= original ligament length, w—ao

o ww
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Calculated values of J were plotted against the measured values of Aa and a le.ast;
squares regression fitted to the initial linear portion of <?'1ata. For ;;l.;ne side
specimens this corresponded to Aa values up to 10% of 1‘:he l:!.gament or. : mm, y
whichever the smaller. For side grooved specimens, which did not exhibit Zhear ip
formation, departure from linearity occurred at slightly l:.:\rger va].uif.1 of tZ;C:.i.
n3.5mm for 25% side grooving. The value of JAa=O was obtained from e in P

i ck
with the ordinate axis. The standard error, & , of the intercept, JAa:O , and cra

growth resistance slope, dJ/da, were calculated as follows:

2. . a3 2]
L (Aa) Z(Aa—c—l; + JAa=0 J)
o = 5
(2 ga=g’ (n-2) (nE (Aa) 2= (Zha) 2)
24%
n (o )
o a4, = Usaso)
&) Bk 2

where n = number of data points.

i i J/da, o and
A typical set of experimental data used to derive JAa=O' daJ/da, (JAa—O)
0. (dJ/da) for each geometry is shown in Fig. 1.
o7 Specimen thickness = 37 5mm
Specimen width=750mm
06 No side grooves o
0S5
-1
al SIope:(dj—fJ] Jpoe0 = 0070 MNm
7 dJ - 200 MNm™?
e da
§“’ @y, 0170017 MNm!
Standard Errors e - 14 MNm2
vzr (&)
* Not used In regression anaiysis
03 Jaa-0
1 It 1 -
10 20 30 L0
Ductile Crack Extension, 8a mm
Fig. 1 Typical experimental data fordetermining J crack growth resistance curve

Specific tests were repeated without breaking open the specimens to faCil].tat? '
metallographic examination of sections perpendicular to the crack plane containing
the blunted fatigue crack tip and ductile crack extension.

RESULTS AND DISCUSSION

The experimental results will now be presented and c?iscussed :.tn t}'xe context ifr;:he
extent and degree of J dominance of stress and strain crack tip .fleld pirame e
that is required for geometry independent ductile fract':ure l:>eha\./1m,u:).s tnt.ona
discussing JAa—O reference will be made to the theoretical studies of stati ry

cracks given by McMeeking and Parks (1979) . The effect of crack extension on J

L S

-e

, closer to the crack tip and therefore initiation and growth behaviour.
| /these results would suggest that J domination of a 'process zone' some_tens of-
lcrack tip openings in size is re
| A b e e A S S

847

dominance has been addressed by Rice and Sorenson (1978) and Shih (1979) and their
results will be considered with respect to geometry dependence of dJ/da.

Initiation of Ductile Crack Growth

The least ambiguous definition of the initiation of ductile crack growth is given
by the extrapolation of the J resistance curve to Aa=0. This avoids measurement of
the stretch zone which, in these experiments, was not always visible and when
visible exhibited much variability in size whilst remaining consistently less than

the proposed blunting line of Aa = J/2c5flow where Oflow is the average of yield and

ultimate tensile stress (ASTM, 1979). Figure 2 shows the profile of the.
blunted fatigue crack to be essentially square prior to ductile initiation

resulting in very little extension from the stretch zone in the crack growth
direction.

Fatigue Pre-crack \ / Ductile Voids
\
Blunted crack tip
mm 9 — Inclusions

BFige:-2 Section across blunted fatigue pre-crack just following ductile crack

growth initiation

Figure 3 shows the variation of JAa=0 with specimen width or equivalently ligament

0.55, fo“z—'nawganstant thickness, that is, the effect of in-plane

size at a/w =
constraint. Although the variation is relatively small and the statistical

analysis would suggest the standard error of each data point to be

quite large, it
can be seen that independence in the J
e sy

values is achieved for W>50mm. This
pabde el S s s oS

...... LE05 05 S e Aa=0

implies a size requirement for the rema

ir}gw l_igarnrlier}j‘:l:r>60J/OYs tf: ensure a
specimen width independent value of »JAa—Q' McMeeking anc'i_hl;aﬂcﬂswh'ave shown that

for hardening materialsin a deep notch bending configuration the stress and strain
field parameters are similar to the small scale yielding case over a distance of at

least 10 crack tip openings ahead of the crack tip when b>60J/6ys. Comparison

with the experimental results reported here implies that equivalence in field
parameters over a zone in excess of 10 tip openings is required to ensure indep-
endence of the in-plane specimen dimension. This hypothesis is supported by
metallographic examination of the damage surrounding the blunted tip just prior
to crack initiation which revealed incipient ductile voids surrounding manganese
sulphide inclusions up to 40 crack tip openings from the blunted crack tip. Voids
in this region do not participate in final linking but will influence deformation

In summary,

;_r_qiigi in-plane geometry independence.

\
|
|
|
|
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o ‘ represent separate requirements for geometry independence. It is possible to obtain |
Specimen Thickness = 13mm } a width ifidependent valus of JA i -0 for a specimen of thickness less than that
[ required to ensure thickness independence. However, the crack tip field parameters
_ 4 ‘ are not representative of plane strain and the observed initiation toughness is
'f _____ { ————————— da L ok therefore increased: for 13mm thick specimens the width independent JAa-O =
N -y £ =i
) { = 0.11MN/m and for 100mm wide specimens the thickness independent JA i i 0.085MN/m.
z o)
f 7 Reduc;mg the specimen width or thickness to below their respective requirements for
o &
5 IMinpa =]l b b ependence has opp051ng effects on JAa —o? sub- th:.ckness specimens increase
=|0 I L i
38 y B da | and sub-width spec:.mens decrease JA -0° Hence although the JAa 0 result shown in
8a:0 o | — e L U a=0 =
-1 E . s
T ol = Jaa=0 , Fig. 5 for the 13mm thick standard CT geometry specimen, which is difficient in
z - ‘ both thickness and width, agrees quite closely with values from other standard and
= Ml | non-standard geometry specimens satisfying both dimensional criteria,it must be
1 +1 standard Error T e Spana e ‘ J considered for‘/uJ.tous and has no general validity. These results suggest that the
i proposed minimum specimen ligament and thickness requirements (ASTM, 1979) of
L L L ; 25J__. /0
sz SIO 7\5 S 5 75 75 SOmm Ic/ flow for valid JIC testing are not sufficient to ensure geometry independent
M7 225 338 45 b, mm Specimen Thickness, 8 plane strain fracture behaviour.
Specimen Width, W, Ligament, b
Fig. 3 Effect of specimen width on Fig. 4 Effect of specimen thickness on i
ductile crack initiation and ductile crack initiation and [Specwmen Width = 2x Thlcknessl e W S
il -
growth. growtn.
\ 4 ] T o2f &
Three dimensional elastic-plastic analyses investigating geometry dependence of £ z o2k
the stress-strain field parameters have yet to be fully developed. It is not ! f -
yet possible, therefore, to relate the experimental results of the effect of out- f 9] i
of-plane constraint, i.e. thickness effects,with analytical studies. However, | e 38

some insight may be gained by examining the extremes of plane strain and plane [

stress behaviour. Sumpter and Turner (1976) have shown from finite element studies
of a centre-cracked plate with a zero hardening flow law that although the J

SES
1

dJ

J.MNm™!
o
T

L

1
J,MNm~!

o
T

-

da
contour integral values are very similar in plane stress and plane strain for a ) ) % Jaa:0 é l I U
given overall strain, crack-tip field values are very different. Just ahead of o t
the crack tip in plane stress the displacement is an order of magnitude higher and \L - - LR
the maximum tensile stress 42% lower than in plane strain. Although a hardening T +1 Stondard Error o
flow law would reduce the effect,sizeable differences will still remain. Hence, 1\3 2,5 37,5 5’0 Lo : i ! 1-1Smnd01}d Error
where the micromechanisms of fracture are controlled by either stress or strain, % & i 0 W ] C 0 . =
J will not uniquely characterise fracture for widely differing levels of out-of- + Specimen Size % Side Grooving, ——2- x 100

plane constraint and a minimum thickness criterion will be necessary to ensure
plane strain conditions of the crack tip and geometry independence of JAa=O'
Fig. 5 Effect of standard specimen size Fig. 6 Effect of side grooving on

_ 2 A ¥ [ on ductile crack initiation and ductile crack initiation and
Figure 4 shows the effect of increasing specimen thickness for a constant width. G sy

Again the statistical analysis would suggest the standard error of each data point 2 .

to be large but there is a trend of increasing JAa=O for B<VW27mm. This implies

The effect of side grooving on initiation is shown in Fig. 6. Within experimental
a size requirement of B>903Aa=0/oys to ensure thickness independent results. accuracy J -0 is unaffected by side grooving up to 50% of the gross specimen
thickness.

Relaxing this condition to B=35JAa=O/Oys (i.e. B=13mm) results in an increase in

J of 25%. Similar results have been reported by Andrews and Shih (1979) for

The practice of using the minimum in the load versus d.c. potential plot to
determine initial crack extension in a single specimen test may be evaluated by

} I ¢ 5 i 0 7
comparing the Aa=0 and Jmin pd results given in Figs. 3-6. It is concluded that

Aa=0
a pressure vessel steel, A533B. In this work the value of J at initiation of
ductile crack growth was calculated using a blunting line and called J et For a

there is no consistent agreement and that the potential drop technique is not
indicating the point of initial crack extension. A rationale for the observed
behaviour is shown schematically in Fig. 7. The recorded change in potential is a
combination of the effects of plasticity and crack growth tending to increase
potential and an elastic stress effect tending to decrease potential. Evidence of
the elastic effect is obtained on decreasing the load following completion of the

constant specimen width a reduction in thickness from mgOJIC/Oys to 35JIC/OYS

resulted in an increase of 70% in JIC

Comparison of effects of specimen width and thickness (Figs. 3 and 4) suggeststhey

e e e e gl
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test whence a rising potential is observed. The functional relationship of each
component effect with rising load, and therefore the J integral, is controlled by
the extent of plasticity and hence is both geometry and size dependent. The
resultant minimum in potential therefore has no general significance with respect
to crack initiation.

Plasticity Effect
—_——

!
Increasing | W
Increasing

dJ
Low 7o Crack Growth Effect
dJ &
High
Potential do
Drop across 3
Crack 4029 4
Increasing W
Decreasing

] Elastic Effect

Pig. 7 Schematic diagram showing effect of increasing J on measured d.c.

potential drop across crack.

Ductile Crack Growth

In addition to the limitations of the J-integral to describe the stress and strain
field parameters up to initiation of crack growth as discussed above, further
more restrictive conditions exist if J is to adequately quantify the field
parameters, and therefore the crack growth micromechanisms, during crack extension.

Rice (1968), Rice and Sorenson (1978), and Herman and Rice (1980) have demonstrated
that for steady state crack growth under small scale yielding plane strain
conditions for an elastic ideally plastic material (i.e. zero work hardening) the
strain at the crack tip is governed by a ln r singularity as opposed to the more
intense 1/r singularity for the stationary crack. The stress field is essentially
the same for both moving and stationary cracks. The reduced strain concentration
aids the stability of crack growth and combined with a suitable fracture criterion
will imply a rising crack growth resistance curve. Comparison of the rigorous
analyses with finite element numerical studies would suggest that similar
behaviour will be exhibited by hardening materials. Extending the analyses to
consider large scale yielding suggests that fully plastic bend specimens may over-
estimate the initial crack growth resistance for well contained yielding and also
produce straight-line J versus Aa curves as opposed to the rounded curves in small
scale yielding. However, the specimen size dependence of dJ/da is expected to be
relatively small (V10%) for highly ductile low strength materials.

Hutchinson and Paris (1979) have considered the effect of crack growth on the J
dominance of field parameters in a work hardening material under plane strain large
scale deformation. They conclude that two requirements are necessary: the first

is that the amount of crack extension is small in comparison to the ligament, thus
ensuring that elastic unloading effects are small; the second is that w=b/J
dJ/da>>1 to ensure that proportional plastic deformation occurs everywhere but in
a small region around the crack tip. Without proportional plastic flow, incremental
and deformation theories of plasticity differ in their predicted strain fields and
J will no longer adequately model real material behaviour.

- T
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From a combination of finite element studies using both incremental and deform-

ation theories of plasticity and experimental studies using a work hardening steel
(A533B) (Shih, 1979; Shih, Lorenzi and Andrews, 1977, 1979; Andrews and Shih, 1979)
Shih and coworkers conclude that J does dominate the crack tip field during growth
by an an dependent ©n both material prope c It is

y erial properties and specimen geometry.
crack growth for up to 6% of ligament will be

| J-controlled provided w>10 and the ligament exceeds 25J/Gys. A thickness

'requirement to ensure plane strain behaviour is given as B>25J/Uys although this

factor has not been explicitly studied by the finite element analysis and the
experimental evidence is inconclusive.

The effects of increasing specimen width, thickness and degree of side grooving

on the initial slopes of the J resistance curves are shown in Figs 3, 4 and 6
respectively. Increasing the out-of-plane constraint by increasing thickness or
degree of side grooving has a strong effect in reducing dJ/da. There is no
indication of attaining a thickness independent dJ/da value characteristic of
plane strain for specimens up to 50mm thick. All data for 37.5mm and 50mm thick
specimens satisfied the above criteria proposed by Shih for 'J controlled growth'
as did the vast majority of data for thinner specimens. Individual points
exceeding either the proposed crack growth or w requirements showed no excess
deviation from the linear regression obtained for points satisfying both
requirements. For plane sided specimens of all thicknesses, the crack growth rate
at the centre exceeded that of the edges resulting in an initial thumbnail shaped
region of ductile growth which developed into crack tunnelling in the centre
thickness region. Shear lips did not develop until the average crack extension
exceeded 3mm after tunnelling had occurred. The dJ/da results reported here refer
to crack extension up to 2.5mm where no significant shear lips have formed. Further-
more thedegree of crack curvature was independent of specimen thickness. Hence
the observed thickness dependent behaviour refers to flat fracture and is
qualitatively independent of the method for defining crack extension whether this
be by some averaging procedure across the specimen thickness or by measuring the
maximum crack extension at the mid-thickness position. As such, the effect must
be considered real and not an artifact of testing procedure.

Increasing triaxiality of stress approaching that of plane strain behaviour may be
induced over a large proportion of the net thickness by the introduction of side
grooves (Shih, Lorenzi and Andrews, 1977). 1In accordance with the observed effect
of thickness, Fig. 6 shows dJ/da to decrease with increasing side groove depths
for specimens with a constant gross thickness (25mm) and width (50mm). Introducing
side grooves also changes the shape of the crack front and reduces plastic
relaxation in the thickness direction as shown in Fig. 8: 10% side grooving
reduced both lateral contraction and the degree of crack curvature, 25% resulted
in a macroscopically straight crack front and further reduction in lateral
contraction whilst 50% grooving produced a crack front leading at the edges and
negligible lateral contraction. These effects became more pronounced with
increasing crack extension.

Figure 6 shows that the effect of side grooving may be close to saturation at

50% indicating a plane strain characteristic dJ/da value close to 9OMN/m2. Tt
is evident from Fig. 4 that in order to achieve this value in the absence of

side grooves a specimen thickness in excess of 50mm is required. This represents
a thickness requirement far more restrictive than previously proposed by Shih.
Exact quantification will require further testing of thicker specimens.
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~—‘mm 1] ’2() 30
% Side Grooving
Figi. 8 Effect of side grooving on crack shape during ductile crack extension

Increasing in-plane constraint by increasing specimen width for a constant thick-
ness has only a secondary effect over the range investigated. Figure 2 shows a
possible small increase in dJ/da on increasing specimen width, although the effect
is small in comparison with the observed scatter in experimental data. With the
exception of those from 26mm width specimens, all data originated from specimens
large enough to yield values of w>10. The lack of any large systematic trend in
dJ/da for specimens of width greater than 26mm supports the proposed requirement
of w>10 (Shih, 1979) for J controlled crack growth and is consistent with the
prediction of Rice and Sorenson (1978) for tough materials. When both thlckness

and width are increased ;n p:oportlon (Fig. 5) dJ/da is_dominated Dby the s

eCJ.men

thl‘kness éffect and decreases wlth 1ncrea51ng _specimen size.

The results reported here and the above discussion refer to mild steel and the
predominantly bending loading mode of the compact tension geometry. It is unlikely
that the same in- and out-of-plane size requirements will be valid for all geome-
tries and materials. It has been shown (McMeeking and Parks, 1979) that the
required ligament dimension for 'J domlnatlon in the centre-crack tension geome-
try is 8 times that of the pure bendlng “case. Also the extent of J domination is
controlled by the plastic strain hardening exponent (Rice, 1967; Rice and Rosengren,
1968; Hutchinson, 1968). In the limit of zero hardening,the size diminishes to
zero. Furthermore the size of the fracture process zone, and therefore the extent
of required geometry independence in field parameters will depend on the distribu-
tion of the microstructural feature controlling the dominant fracture process
whether it be void coalescence or shear decohesion. Hence, in the case of low
strength steels where ductile fracture results predominantly from void growth
around inclusions (Knott, 1980), an increased zone size may result from high purity
steels with low inclusion contents.

CONCLUSIONS

A multi-specimen J-integral test procedure has been employed to study the effects
of in- and out-of-plane constraint on the initiation and subsequent ductile crack
growth in mild steel compact tension type specimens. It is concluded:

1. The standard erros in JAa=O and dJ/da resulting from experimental and
material scatter are typically 20-25% and 8-10% of the mean values respectively.
2+ For in-plane size independence of JAa=O in the compact tension geometry a

i >
. ligament 6OJAa=o/oys

is required. This implies that J domination of the stress

PSSP SR e e S e SR URESIBONY YRy S W sy e p— o o
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’and strain field parameters is required over a zone surrounding the crack tip some
tens of crack tip openings to ach;eve unlque ductile fracture behaviour.
3% For out-of-plane size 1ndependence of JA -0
'speCLmens a thickness of B>9OJA O/ is required.

in plane sided compact tension
Side grooving up to 50% of
]the gross thickness in specimens Satlszlng this requirement had no effect on the

i
| value of JAa=0'

4. The d.c. potential drop technique does not provide a consistent indication of
the initiation of stable crack growth.

5 Increasing out-of-plane constraint by increasing the thickness or degree of
side grooving has a marked effect in reducing dJ/da measured over crack extensions
up to 2.5mm from the fatigue pre-crack. There is some indication that the effect
is nearing saturation at 50% side grooving yielding a value of dJ/da appropriate
to plane strain conditions of "9OMNm™2. There is no indication of saturation in
plane sided specimens up to 50mm thick where dJ/da values >90MNm “ are recorded.

G. Increasing in-plane constraint by increasing specimen widths over the range
26-100mm has little effect on dJ/da. These results are consistent with the
proposed recommendation for w=b/J dJ/da>10 to ensure J domination of the stress
strain field parameters during crack growth under predominantly bending loading.

REFERENCES

Andrews, W.R. and C.F. Shih (1979). Thickness and side-groove effects on J and
§-resistance curves for A533B steel at 930C. ASTM STP 668 Elastic-Plastic
Fracture, pp.426-450.

Argon, A.S. and J. Im (1975). Separation of second phase particles in spheroid-
ised 1045 steel, Cu-0.6%Cr and maraging steel in plastic staining. Met Trans 63,
pp.839-850.

ASTM (1979). Committee E24 Working Document "The Determination of the Elastic-
Plastic Toughness Parameter JIC"’ September 1979.

Goods, S.H. and L.M. Brown (1979). The nucleation of cavities by plastic deforma-
tion. Acta Metallurgica, 27, pp.l-15.

Herman, L. and J.R. Rice (1980).
plastic plane strain crack growth.
of Crack Extension.
2 April 1980.

Comparison of experiment and theory for elastic-
Presented at the conference Micromechanisms
The Metal Society/Inst. of Physics, Cambridge 31 March -

Hutchinson, J.W. (1968). Singular behaviour at the end of a tensile crack in a
hardening material. J. Mech. Phys. Solids, 16, pp.l13-31.

Hutchinson, J.W. and P.C. Paris (1979). The theory of stability analysis of
J-controlled crack growth. ASTM STP 668 Elastic-Plastic Fracture, pp.37-65.

Knott, J.F. (1980). Micromechanisms of fibrous crack extension in engineering
alloys. Presented at the conference Micromechanisms of Crack Extension. The
Metals Society/Inst. of Physics, Cambridge 31 March - 2 April 1980.

McClintock, F.A. (1971). Plasticity aspects of fracture. In H. Liebowitz, EAd.
Fracture: An Advanced Treatise, 13, Academic Press, New York, pp.47-225.

McClintock, F.A.
Wilcox (Eds) .

(1975) . Mechanics in alloy design. In R.I. Jaffee and B.C.
Fundamental Aspects of Structural Alloys, Battelles, pp.l147-172.




854

McMeeking, R.M. and D.M. Parks (1979). On criteria for J-dominance of crack-tip
fields in large-scale yielding. ASTM STP 668 Elastic-Plastic Fracture, pp.175-194

Rice, J.R. (1967). Stresses due to a sharp notch in a work-hardening elastic-
plastic material loaded by lorngtudinal shear. Jnl. of Applied Mechanics, 34,
pPp.287-298.

Rice, J.R. (1968). In H. Liebowitz (Ed), Fracture: Mathematical analysis of
the mechanics of fracture. An Advanced Treatise, 2, Academic Press, New York,
pPp.191-311.

Rice, J.R. and G.F. Rosengren (1968). Plane strain deformation near a crack tip
in a power-law hardening material. J. Mech. Phys. Solids, 16, pp.l-12.

Rice, J.R. and E.P. Sorenson (1978). Continuing crack tip deformation and
fracture for plane-strain crack growth in elastic-plastic solids. J. Mech. Phys.
Solids, 26, pp.l63-186.

Sumpter, J.D.G. and C.E. Turner (1976). Use of the J contour integral in elastic-
plastic fracture studies by finite element methods. J. Mech. Engineering Science,
18, pp.97-112

Shih, C.F. (1979). BAn engineering approach for examining crack growth and
stability in flawed structures. Presented at OECD-CSNI Specialist Meeting,
Washington University, September 25-27, 1979.

Shih, C.F., H.G. Lorenzi and W.R. Andrews (1977). Elastic compliances and stress-
intensity factors for side-grooved compact specimens. Int. Jnl. of Fracture, 13,
pp.544-548.

Shih, C.F., H.G. Lorenzi and W.R. Andrews (1979). Studies on crack initiation and
stable crack growth. ASTM STP 668 Elastic-Plastic Fracture, pp.65-121.



User
Rettangolo


