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ABSTRACT

Most fracture tests use syminetric specimens, with the crack advancing into
the relatively undamaged region between two plastic shear zones. A crack near a
weld or shoulder, loaded into the plastic range, may have only a single shear
band. however. along which the crack grows into prestrained and damaged
material with less ductility than the usual symmetrical configurations. Tests on
six allevs show that the crack growth ductility, defined as the minimum
displacement per unit ligament reduction. s less in the asymmetric case than in
the symmetric one by a factor of 3 for low-hardening alloys (with strain
hardening exponents n & 0.1). This means that with low-hardening (typically
high strength) alloys, the surrounding structure must be 3 times stiffer for
fracture-stable design. For higher hardening allovs (n = 0.23) the crack growth
ductility 1s less in the asymmetric case by a factor of at most 1.2, The crack
initiation ductihity (here approximately the crack tip displacement CTD) 1s
relativelv unaffected by asymmetry, but it cannot always be relied on for
ductility, {e.g. in low cvcle fatigue). Therefore tests such as these on crack

arowth ductility are needed for help in design and maintenance of structures.

Triaxiality on one side of the asymmetric shear erack diverts it from 459 to
3%°%-41° (from the transverse direction). the smaller diversion with less strain
hardening. In addition, the far field displacement vector is 51° to 63° from
transverse, more with high hardening, suggesting a Mode [ component even where

the non-hardening slip line field predicts a pure shear displacement.
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1. INTRODUCTION

For fracture-stable structures it is important not only that fully plastic
conditions be attained before fracture, but also that the load not fall off too
rapidly during crack growth. Flow fields such as that of Fig. 1. in which the far-
field deformation consists of a single shear band, may arise in practice due to the
constraint of weld material. These specimens may exhibit less ductility than the
symmetric ones, because the crack is advancing into pre-strained and damaged
material, rather than into the new material encountered by a crack advancing
between two symmetrical shear bands. Being able to predict such increased
crack growth can have useful applications in the design, inspection, and

maintenance of pressure vessels and ships.

Observations show that ductile fracture results from a three-step process
initiated by the cracking of inclusions or the separation of inclusion-metal
interfaces, followed by hole growth to localization or coalescence. The coalescence
of holes into a erack, which then grows by a similar mechanism, occurs either on
a plane of high shear stress, giving elongated dimples, or on a plane normal to the
direction of maximum tensile stress, giving equiaxed dimples. e.g. Hayvden and

Floreen [1], Beachem and Meyn [2].

Ductile or fully plastic fracture consists of an initiation stage. characterized
by a crack tip opening displacement (CTOD). and a growth stage which. if stable,
may be characterized by the crack tip opening displacement per unit crack
growth d(CTOD)/da, e.g. Shih, et al. [3), Dawes [4]. Chipperfield, et al. [5}. For

small angles, d(CTOD)/da is the crack opening angle COA. Initiation has been
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described by the path independent stress-displacement integral J, to which it is
proportional. Crack growth is also described by the tearing modulus T = dJ/da.
e.g. Paris. et al. [6], which is also approximately the crack opening angle COA
divided by the elastic strain at the tensile strength, T.S./E. (These relations will

both be derived below in See. 2b, Interpretation of Tests))

In general. ductile fracture occurs by hole growth, which depends on the
combined history of stress, strain. and rotation near the crack tip, where the
holes are growing. The validity of a single measure for fracture, such as CTOD
or J. depends on the presence of a stress-strain singularity near the crack tip that
1s governed by a single scalar quantity. For initiation the Hutchinson [7]. Rice-
Rosengren [R] (HRR) singularity indeed often dominates, as shown by finite
element studies of McMecking and Parks [9]. Such singular fields for growth
seem to be available only for the elastic-plastic case. e.g. Slepyvan [10]. [11]. Rice
{12]. and Ponte-Castaneda {13}, (14]. They probahbly do not dominate when
stratns are large compared to the elastic strain all across a section, fro.n the hole
growth in the fracture process zone to the far boundary. Nonetheless, data are
often presented as if a single dominant singularity existed, or perhaps in the hope
that it does. For instance, typical values of d(CTOD)/da for various bend tests
are given in Table 1. In the imit of no strain hardening. it is wdll known that a
variety of stress and strain states exist at the crack tip, depending on the
geometry and mode of loading. e.g. McClintock [16]. Reduced ductility has been
shown in a configuration giving a high strain concentration, even at the expense
of reduced triaxiality, e.g. McClintock [17]. It is the possibility of unexpectedly
low ductility in such practical configurations as that of Fig. 1 that concerns us
here. As Paris et al. [6] have shown. low crack growth ductility can lead to

instabihty of structures.

. .-

e " _.'_ Soe SN e e o
Shdadadak o s o e S e "




> Te ®ow e e L L LA, RN DY N . - Pl Dl =T . B . a =
.

" SRR
s

The fractography of pure Mode 1l loading was studied by Jones and

PP A 4

Chisholm [18]. The ductility in pure Mode 1I loading was measured by Chant et

al. [19] on high hardening carbon manganese stecl (B.S. 1501-151-430A, Y.S. =

R

s 329 MN/m®, T.S. = 490 MN/m?). They found the ductility, measured by dJ/da.
to be practically the same in Mode Il and Mode I, although the microscopic
features were different for the two modes. The tests described here deal with

Mode Il deformation under combined Mode I and Il loading, as is found 1n

asvymmetric crack configurations in plates, near welds or shoulders (Fig. 1).

- Near the tip of the growing crack, strain hardening causes the deformation
field to fan out. For power law creep or deformation theory plasticity, the stress
and strain in the neighborhood of a stationary crack can be found from Shih’s
mixed mode solutions [20]. For a growing crack, a fully-plastic, incremental
plasticity solution should be obtained, taking into account the hardening of the
material left behind the growing crack. Pending such an analysis, McClintock
and Slocum [21] used a superposition of strain increments adapted from Shih's
analysis. The crack was assumed to follow the center of the 45° shear band. The
axial displacement for initiation, u;. with a band at o from the transverse
direction is given in terms of the flow stress at unit strain o,, the shear yield
strength k, the mean iuclusion spacing p, the critical fracture strain 5 . and the
strain hardening exponent n:

al ﬁlc n+l |
u, = Il/np(~) sin ¢ . (1)

k 2

[ O O R

For the assumed pure Mode II deformation, ¢ = 0.8%. For n = 0.1-0.2. Il/n =

[ 2 B v

0.72-0.83. For 'al/k = 3 and 7, = 0.8 the initiation displacement is of the order

of the inclusion spacing (p ~ 0.01 mm). For a quasi-steady growth, the crack

advance per unit displacement was practically insensitive to the strain hardening
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exponent n:

d{u/u, ) n+l

d( ¢/p)  Inf{c-c))/p + exp(n+1)]
The above formula, for a mean inclusion spacing p =0.01 mm and crack growth

over the ligament length of {; = 2.54 mm, gives du/de =~ 0.2.

To correct for triaxial effects around the crack tip, Kardomateas et al. [22].
considered several sites around the current crack tip. The damage at each site
due to the deformation for crack initiation and prior growth was determined and
then the crack was grown in the direction requiring the least increment in far

field displacement. While the results were generally as expected, some

inconsistencies have appeared, so the results unfortunately cannot be relied on.

_, JrzRIMENTAL FRIOCEDURES
a' hateriail.

iensile tecsts were perormec on six aliovs with the compositipons ans

cengitrone lictes 1r Tapie 1. uvelng Standard o.25 mm dia. specimens with

<5.4 mm gage iERCTNh., cCurves or true stress o vs. 1ntegrated eculvaient

-0 .
Cciacstic stran € are reprecented bv

Trne pri0gman correction tOr NRECKINC wWas apoliec with the ratio ot net
seCction ragius a3 to proti1ie radius R founo from the empirical relation
that 1t 1ncreases darectly with the ampunt that the strain exceeds the

uritorm strain e.ag. McClintock and Argon [233: a/kh = € - €

The three constants 61 . 60 , ana n were titted three wavs: to the

vield strength Y5 , the tensiie strength T> and the i0ag maximum there,

and the logarithmic wuriform) strain at the tensile strength eu 1 to the
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tensile strength conditions and the equivalent true strength and strain at

fracture, o, and €, i and to Y5 ano the flow strengths taken rather

artitrarily at ef 0.125 and &P = 0.250. The results fell in tne range

shown 1n Table 2. We denote as "lower naroening allovs" the 1(i8 cola
finished, the HY-80, and the HY-100 steels (n % 0,1): and as "higher
hardening aliovs' tne 10!B normalized and A3e not rolied steels «n & ¢,z

Tne Sube-HILL aluminum 15 Cetween trese two Qroubs.

b) Test Method.

From 12.7 mm. dia. round bars of each alloy. seven specimens were first
machined as shown in Fig. 3a. with side grooves to ensure a straight fatigue pre-
crack approximately 1.3 mm deep with a root radius of 0.25 mm. For the four
asymmetric specimens (Fig. zb). further side grooves were machined at 40° from
the transverse direction. This corresponded to the crack direction found in
preliminary tests and helped to maintain plane strain conditions and to give
planar cracks with straight fronts. For the three symmetric specimens. since the
crack grows by alternating shear at +45° orthogonal triangles were machined. as

shown in Fig. 2c.

Stability of the tests turned out to be an important considoratiox(l due to
the high crack growth rate expected in the asymmetric case. Thus short
specimens, stiff adapters, and locknuts were used. The tensile tests were
performed on an 0.5 MN {50 metric ton) MTS testing machine with compliances
of 2.3x10°%, 1.6x10°°, and 1.08x10°° mm/N for the steel specimens, the adapters
(including a pin-joint), and the machine, respectively. Stable tests were obtained

except for the lower hardening alloys. which were dynamic for less than 207¢ of

the falling part of the load-displacement curve.
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The load was plotted continuously versus the axial displacement across the
shoulders, as measured with a strain gauge extensometer. A strain gauge
transverse displacement meter gave relative displacements between extension

arms so that the measurement was made at the net section, as shown in Fig. 3.,

¢) Interpretation of Tests.

A typical plot of load vs. axial displacement is shown in Fig.4. It can be
idealized as a trapezoid consisting of an initial line corresponding to the elastic
compliance across the 25 mm gauge length, a horizontal line at the maximum
load, and a line tangent to the steepest part of the falling curve, associated with
crack growth. The displacement corresponding to the horizontal line is called the

idealized crack initiation displacement uil‘ Since for a rigid-plastic material in

this configuration the relative far-field displacement is the same as the crack tip
displacement, the idealized initiation displacement is an approsimation to the
crack tip displacement. Although the plots like Fig. 4 were norma]ized‘ by
dividing by the gauge length, the crack-tip displacements for initiation are local
quantities and should be mndependent of specimen size, so they will be given in
terms of physical lengtin. “they are also then easier to compare with the more

familiar crack tip cpeming Qisplacements (CTOD) for Mode 1.

The maximum load s normalized as the load factor. defined as the ratio of
maximum load to a nonunal load which s the himit load for a non-hardening
material with the same tensile strength. For the single-edge-notch specimens
tested here. the nominal load is given in terms of the mitial projected higament

length {, after pre-cracking. the width w, and the tensile strength T.S. by

P =1 w(T.S)2/V3) . (4)
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Then the load factor FL is

The most useful measure of the crack growth resistance seems to be the

crack growth ductility Dg‘ defined as the minimum axial displacement per unit

projected ligament reduction. Thinning of the ligament from the far side in fully
plastic flow makes the reduction in ligament, rather than the crack advance,
more appropriate for describing load drop. To reduce the effects of compliance. a

crack growth displacement dug 1s taken to consist of the gauge displacement du

and the elastic unloading du, as shown in Fig. 4;

dug = du + du, (6)

n} -

The ligament reduction can be approximated from the relative load drop, and

thus we define:

du_ /! du '
D, = (—ﬂ— ) ~ (—ﬁ . (7)
dl /Pmax min d! min

From Fig. 5; using the law of sines gives the relation of Dg to the crack opening

angle:
{, u
sin{COA)= —E— sin (0-0,+COA) .
cos 0, sin @
b — U sin{COA)sin o | "
B4 cos §)sin (0-8+COAJ

In addition, the crack growth ductility is the normalized complance requirement

for fracture-stable design:

(9)

Compliance of surroundings < Dglu/Pmﬂx '

If it is not convenient te measure the cracked compliance giving du,. . an
I e un/{

D VR
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extensometer ductility D__, is defined as

du/l, du
= (M) (™) "
dP/P dl

max’~ min min

This definition includes the effect of the compliance in the shoulders and is thus

smaller than Dg.

The crack growth ductility gives a parameter analogous to the tearing
modulus of Paris et al. [6]. They defined the tearing modulus in terms of the
vield or tensile strength o,. the modulus E, and the J-integral by:

-0
E dJ
a,” de
To approximate the J-integral, consider the simple case of the far-field
displacement taking place along a single shear band and express it in terms of the
shear strength, k, and the displacement along the band U\/‘?., breaking through to

the back surface where the band is of thickness t. The J integral in terms of

work per unit volume W. and traction T is

Ju.
J= /(\\'dx., il ds), (12) F
J - } axl

The only non-zero term occurs where the shear band breaks through the back

surface along a distance Ax,,zt\/‘l. where \\'=kU\/'.’.:

Jz(kU\/'Z) (t\/2)=‘.’ku . {13)

. ‘e . “ . g
Thus define a modified tearing modulus, T . analogous to the tearing modulu~ 'l

by introducing (13) into (11). In terms of the tensile strength. o =~ TS = ky 3.
. E du E 2
2k — ~ — D (114)

T . — D .
AWM (TS)* de TS. /3 8

An identical expression holds for the svmmetric ease
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S More accurate measurements of the displacements during crack initiation

. and growth, v, and u,, are found from the profiles of the two crack surfaces,

2 plotted using a metallurgical microscope with a travelling stage. Numerous

; horizontal and vertical c:)i(;rdinateé ‘were recorded through two linear
potentiometers driving an x-y recorder. A typical plot, as in Fig. 6, consists of
the 60° notch, the fatigue crack (with some amount of deformation, ¥] - ¥3). an

initiation zone which shows some blunting, and a growth zone. The initiation

displacement is \"1 - V’g. In addition. fracture profiles were used to obtain the

crack opening angle. COA, the lower and upper flank angles. 6, and 6, the

average crack direction, Bc = (9u + 0[)/2, and the orientation of the total

, displacement vector, ¢, for the asymmetric case. The breakthrough

displacement, when the fracture first breaks through the back surface and leaves

T shear lips at the sides, is given by the vertical component of ¥, and is usually

: indicated by a flattening of the load-extension curve.

3. RESULTS AND DISCUSSION

Plots of load and transverse displacement versus axial displacement are

- shown in Figs.7 and &for symmetric and asymmetric IY-100 and A36 HR steels,

tyvpical of low and high hardening alloys. The predominant features for these and

the other alloys are summarized in Table 3, along with data obtained from the

N fracture surface profiles, such as shown in Figs. 9 and {0,

Before considering the results in detail, note the major results. For the

low-hardening HY-100 steel, the falling part of the load-displacement curve for

the asymmetric specimens (Fig. 7a) is much steeper than that of the symmetric

amo e e o o o o
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specimens (Fig. 7b). Thus the asymmetric specimens of HY'-100 steel require a
much stiffer surrounding structure for stability. For the high-hardening A36 HR
steel, the load-deformation curves for the asymmetric specimens fall off only a
little more steeply (Figs. 8a vs. 8b). This corresponds to the large decrease in the
crack opening angle of the asymmetric vs. the symmetric specimens of the low-
hardening HY-100 steel (Figs. 9a, 9b), compared to the negligible increase for

the high-hardening A36 steel (Figs. 10a, 16b).

a) Initiation Ductilitv NMeasures

Idealized initiation displacement, uil. As shown in Table 3, this

experimentally convenient measure of the crack tip displacement is not
appreciably different for the asymmetric and svmmetric configurations. It is,
however, dependent on strain hardening: for the higher hardening alloys it is two

to four times that for the lower hardening ones.

P'rofile initiation displacement. u,. This more accurate initiation

displacement, from fracture surface profiles. is given in the next pair of rows of
Table 3. 1t 1s about 0.5 of the idealized initiation displacement. although ratios

as low as 0.3 and as high as 0.7 are found in cold-rolled vs. normalized 1018 steel

Both experimental observations of inttiation displacement are larger by an
order of magnitude or more than the 0.01 mm dimple or crack nucleus spacing of
(1). found using the Shih mixed mode strain hardening singularities but neglecting
blunting. Similar results appear to be found by considering the effects of

triaxiality around the crack tip but also neglecting blunting [22]. These results

highlight the importance of taking blunting into account in any theoretical
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calculations of crack initiation (e.g. McClintock [24], Rice and Johnson [23])).

Maximum load. In Table 3 the maximum load is characterized by the load

factor of [17], which is the maximum load divided by the limit load of non-
hardening material based on the tensile strength. The load factors are in general
somewhat larger in the higher hardening alloyvs, where there is more strain-
hardening around the initial notch, and for the symmetric cases, where more

ductility allows higher strain-hardening.

Far-field displacement. In the asymmetric case, the angle o of the far-field

displacement vector from the transverse direction, defined from the slope of the
transverse vs. axial displacement curves such as Figs. 7a and 8a. is greater than
45Y and larger in the higher hardening allovs. The final relative far-field

—
v

displacement vector ¥}

at o . measured after fracture from the microscope profile
plots (Fig. 6). is between 51¢ and 63°. It is larger for the higher hardening alloys.
The fact that it is tyvpically greater than 45° means that there is some Mode 1

vp Ve

(opening) component of the crack tip displacement, beyond that associated with

cracking to one side of a single 45° shear band in non-strainhardening material.
o (o] o

Crack Direction. Zig-zagging' of the fracture surface is the characteristic

oD

of the 5086-H111 aluminum symmetric specimens, where two slip planes are
active and the crack grows by alternating shear. The wavelength increased from
50 to 200 um as the crack grew. In the end the fracture turned into a shear lip.
Syvmmetric specimens in the lower hardening alloys also often turned into
asvmmetric ones. {ollowing only one slip plane. In some instances, half of the

specimen followed the +45° slip plane and half the -15° plane.
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Except for such final shear lips, in the symmetric specimens the
macroscopic crack direction was within 10° of transverse. In the asymmetric
specimens, the crack progressed at an angle of about 6, = 38-41° from the
transverse {Table 3). Relative to the shear band as determined from the far-field
displacement, the crack was more transverse by ¢ - . = 10-25°, the more the
higher the hardening. This is perhaps because these far-field and the local erack
tip displacement vectors measured from the surface profiles were in different
directions, rather than being parallel. Furtherinore, this deviation from the shear
band direction is expected from the higher triaxiality to one side of the crack tip

displacement vector.

d) Crack Growth Ductility Measures

Crack growth ductility. In the low hardening allovs, the asymmetric crack

growth ductility is less than the symmetric one by a factor of more than 3. Thus
these alloys have 3 times the stiffness requirements for stability. In the high
hardening allovs, on the other hand, Dg 1s less for the asymmetric geometry by
only a factor of 1.2, at most. Expressed another way, in the asymmetric case the
crack growth ductility in the lower hardening alloys is about 2 times less than in
the higher hardening alloys. In the symmetric case, on the other hand. the crack

growth rate is practically insensitive to strain hardening.

Modified tearing modulus. T". The tearing modulus T of Paris et al. [6] is

approximated from the crack growth ductility for the asymmetric and the
symmetric cases. The asymmetric values are lower than the svmmetric ones hy

factor of 2 to 3 for the low hardening alloys, compared to factors of only I to 1.5

for the high hardening ones.
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Extension rate, D, .. If it is inconvenient to obtain the compliance near the

steepest fall in the load-displacement curve to find D, the extensometer ductility
Do = (du/dl)min may be used. It is lower than the crack growth ductility by
0.02 to 0.05, with some tendency for the larger difference to occur with the larger
ductilities. The difference emphasizes the difficulty of fracture-stable design,
since the net-section compliance it represents would not normally be included in

calculating the compliance of the surrounding structure.

Profile displacement during growth, ug/l(). The displacement during growth

from initiation until the fracture breaks through the back of the specimen. Uy

can be found from the fracture surface profiles (Fig. ). Its normalized value,

ug/lo. 1s in general only 10 to 209¢ larger than the crack growth ductility (except

25°¢ for the aluminum alloy). indicating the validity of both measures.

Crack opening angle, COA. In the HY-100 steel. notice from Fig. 9 the

large reduction in the crack opening angle (COA) of the asymmetric case relative
to that of the svmmetric, whereas in the A36 steel of Fig. 11 the difference in the
COA between the two geometries is not appreciable. In Table 3. the COA 18
estimated from the crack growth ductility using (8), and also is given as found
from the fracture profiles. For the asymmetric specimens the estimated COA's
are low by a factor of 1.2 to 1.5, whereas for the symmetric specimens, they are
low by a factor of 1.5 to 2. With one exception the ranking is correct: the
disagreement is apparently due to error in reading the angles from the profiles. in
view of the excellent agreement between the crack growth ductility Dg and the

profile displacements ug/lo.

Marking the crack front. In the large 3%.1 mm dia. 5086-H111 aluminum
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specimens, the crack front was marked by imposing unloading-loading cycles at
selected points during crack advance. The spacing of these fatigue marks was
measured with a stereo microscope at about 50x. The corresponding
displacements were then obtained from the load-displacement curves, accurate to
about 0.01 mm. Figures 1) a.b show the load-displacement curves and Fig. 12 the
crack growth-displacement data. The corresponding crack growth ductility can
be calculated from (7) as Au/(dc + Au). For the symmetrical specimens there is
an acceleration of crack growth. The average Dg is found to be 0.22, while that
from the last two points of Fig. 12 is 0.16. compared to the values for large
specimens reported below of 0.165. For the asymmetrical specimens, the crack
growth rate is constant at Dg = 0.09, compared to the experimental value of
0.108. This tends to confirm the validity of Eq. 7 for finding the crack growth

ductility from the slope of the load-displacement curve.

Comparison with analvsis. Equation {2) gives a crack growth ductility of

about 0.2, relatively independent of strain hardening. This is close to the crack
growth ductility in the higher hardeniug alloys, but overestimates that in the
lower hardening alloys by a factor of two. Notice, however, that this analysis is
based on pure Mode Il deformation and a superposition of stationary singularities
and does not take into account the hardening of the material left behind the
growing crack. This indicates the need for a fully-plastic, incremental plasticity
solution for a growing, mixed-mode crack in strain-hardening material, taking

triaxiality into account.

The greater ductility of the symmetric, higher hardening specimens is also
shown qualitatively by the higher ratio of sliding off to hole growth observed in

electron fractographs [26).
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e) Size effects

Results of tests on 38.1 mm diameter specimens of 5026-H111 aluminum are
compared with those from the 12.7 mm specimens in Table 4. As expected, the
crack tip opening displacement at initiation, u; = 0.19mm. is almost exactly the
same for the two sizes. The maximum load was 5°¢ higher, for no apparent
reason. The crack growth ductility, as indicated by the displacement for growth

across the ligament, ug/l , was only 19¢ less for the large specimens.

For the size effects predicted by (2), use the mean inclusion spacing of
about 10 microns and find the ratio of the crack growth rate for the large to that

for the small specimens:

(dc/du)mge . Iu[(c-ci)/p]hrge B In(762) 190
(de/du) .y Infle-c)/plnay  In(254) o

Thus the integration of stationary crack fields gives a size effect due to an
increasing crack advance per unit displacement that is small, but still more than
observed in these experiments. Eventually, for large enough parts to give elastic-

plastic fracture, there will of course be a size effect.
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4. CONCLUSIONS

1. In asymmetric configurations with only a single shear band (which can
occur with cracks near welds for example), the crack progresses into prestrained
material instead of the new material between the two shear bands of the

symmetric case.

2. Specimens and a procedure to test the resulting effects on ductility have

been developed and shown to be valid by a number of independent checks.

3. Experiments on six structural alloys have shown that the resulting
reduction in crack growth ductility for high strength, low-hardening (n = 0.1)
alloys is a factor of about 3. In the higher hardening alloys (n = 0.2 ) the

reduction is no more than 20°¢.

4. The high crack growth rate of the asvmmetric configuration leads to

correspondingly higher stiffness requirements for fracture-stable design.

5. The initiation displacement for symmetric and asymmetric
configurations is not much different, and was large compared to the displacement
X during growth. This ductility cannot always be counted on, however, for
example in cracks growing by low cycle fatigue. Therefore the crack growth
ductility should be measured and used in the design and maintenance of ductile

structures.

In addition to the above major conclusions, there are several detailed ones.

6. Trebling the specimen size in 5086-H111 gave negligible size effect on

-
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the displacement to crack initiation, as expected, and appeared to reduce
the crack growth ductality only by 4%, less than the 20% expected.

7. The crack growth direction 1s 36°-41% 4rom the transverse
tinstead of 450), as gualitatively expected trom triaxial etfects. The

iarger angle 1s witn less strain-nardening.

- - b .D
g, 1he average olsplacement vector 15 at apbout 5! -o3  +from the
: o ,
transverse. #nales greater tnan 457 suaggest a Mode [ oetormation

component.
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points for marking the crack front
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