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Abstract. Most fracture tests use symmetric specimens, with the crack advancing into the relatively undamaged 
region between two plastic shear lones. A crack near a weld or shoulder, loaded into the plastic range, may have 
only a single shear band, along which the crack grows into prestraincd and damaged material with less ductility 
than the usual symmetrical configurations. Tests on six alloys show that the crack growth ductility, defined as the 
minimum displacement per unit ligament reduction, is 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. I). This means that with low­
hardening (typically high strength) alloys, the surrounding structure must be 3 times stilTer for fracture-stable 
design. For higher hardening alloys (n "" 0,23) the crack growth ductility is less in the asymmetric case by a factor 
of at most 1.2. The crack initiation ductility (here approximately the crack tip displacement CTD) is relatively 
unalTected by asymmetry, but it cannot always be relied on for ductility (e.g., in low cycle fatigue). Therefore tests 
such as these on crack growth ductility are needed for help in design and maintenance of structures. 

Triaxiality on one side of the asymmetric shear crack diverts it from 45 deg to 38-41 deg (from the transverse 
direction), the smaller diversion with less strain hardening. In addition, the far field displacement vector is 51 to 
63 deg from transverse, more with high hardening, suggesting a mode I component even where the non-hardening 
slip line field predicts a pure shear displacement. 

1. Introduction 

For fracture-stable structures it is important not only that fully plastic condit'ions be attained 
before fracture, but also that the load does not fall off too rapidly during crack growth. Flow 
fields such as the second of Fig. I, 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. 

Observations show that ductile fracture in an uncracked part results from a three-step 
process: I) the cracking of inclusions or the separation of inclusion-metal interfaces; 2) hole 
growth to localization or coalescence into a crack; 3) crack growth by a similar mechanism, 
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 [1-2). 

Ductile or fully plastic fracture in a pre-cracked part consists of an initiation stage, charac­
terized by a crack tip opening displacement (CTOD), and a growth stage which, if stable, 
may be characterized by a crack tip opening displacement per unit crack growth d(CTOD)/da 
[3-5). For small angles, d(CTOD)/da is the crack opening angle, COA. Initiation has been 
described by the path independent stress-displacement integral J, to which TOD is 
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Fig. I. Ideally plastic deformation of symmetric and asymmetric crack configurations. 

proportional. Crack growth is described by the tearing modulus T = dJ/da [6], which is also 
approximately the crack opening angle COA divided by the elastic strain at the tensile 
strength, T.S.fE (these relations will both be derived below in Section 2c, 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 is governed by a single scalar quantity. For 
initiation the HRR [7-8] singularity indeed often dominates as shown by finite element 
studies [9]. Singular fields for growth seem to be available only for the elastic-plastic case 
[10-14]. Because of a finite fracture process zone size, they probably do not dominate when 
strains are large compared to the elastic strain all across a section, from 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 I. In the limit of no strain 
hardening, it is well known that a variety of stress and strain states exist at the crack tip, 
depending on the geometry and mode of loading [16]. Reduced ductility has been shown in 
a configuration giving a high strain concentration, even at the expense of reduced triaxiality 
[17]. 

The fractography of pure mode II loading was studied by Jones and Chisholm [18]. The 
ductility in pure mode II loading was measured by Chant et al. [19] on high hardening carbon 
manganese steel (B.S. 1501-151-430A, Y.S. = 329 MN/m2

, T.S. = 490 MN/m2
). They 

found the ductility, measured by dJ/da, to be practically the same in mode II and mode I, 
although the microscopic features were different for the two modes. 

The tests described here deal with the possibility of unexpectedly low ductility, as is found 
in practice for asymmetric crack configurations in plates near welds or shoulders (Fig. I). 
Here there is mode II deformation under combined mode I and II loading. As Paris et al. [6] 
have shown, low crack growth ductility can lead to instability of structures. 
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T(lhle 1 Typical values of crack tip opening displacement per unit crack growth for symmetrical Ie ts. All 
fatigue-precracked 

Material Test, thickness d(CTOD)/da "" COA, Ref 
radians 

A533B steel ompact tension 0.205 [ ], [15] 
YS. = 443 MN/m 2 102mm tho 
T.S = 574 M 1m2 93°C 

ASTM A471 rotor 3-point bend 0.164* [6] 
steel 203 x 25 x 13 mm 
Y.S. = 931 MN/m 2 alw = 0.502"'* 
1.S. = 1022 MN/m2 

Free cutting 3-point bend 0.300 [5] 
mild steel, 5 17mm tho 
annealed 

BS 4360 Grade 50 3-point bend 0.250 [4] 
steel 25mm tho 
YS. = 359 MN/m' 
T.S. = 526 MN/m2 

* Taken to be tearing modulus times elastic strain at tensile strength, T x (T.S./E). 
** a = crack length. w = specimen width. 

Ncar the tip of a crack growing in a ingle shear band, 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 tationary crack can be found from Shih's mixed mode 
solutions [20]. For 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 analy'is, McClintock and Slocum [21] u ed a superposition f strain 
in r ments adapted from Shih's analysis. The crack was assumed to follow the center of the 
45 deg shear band. The axial displacement for initiation u" with a band at 4> from the 
transv rse direction, was given in terms of the flow stres at unit train ai' the shear yield 
strength k, the mean inclusion spacing Q, the critical fracture strain 'Yo and the strain 
hardening exponent n: 

a (r)n+1
u, = ~ li/n(! 2i sin 4>, (1) 

or the assumed pure mode 11 defonnation, '8 = 0.88 [20]. For n = 0.1-0.2, II/n = 0.72-0.83. 
For a1jk = 3 and r, = 0.8, the initiation displacement was of the order of the inclusion 
spacing (Q :::0 0.01 mm). For a quasi-st ady growth, the crack advance per unit displacement 
was practically insensitive to the strain hardening exponent n: 

d(uju,) n + I 
(2)

d(cjQ) In [(c - C,)/12 + exp (n + I)]' 

The above formula, for a mean inclusion spacing Q = 0.01 mm and crack growth over the 
ligament length of 10 = 2.54 mm, gives dujdc :::0 0.2. These results will be discussed and 
compared with the experimental finding below in Section 3c. To correct for triaxial effects 
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around the crack tip, we c nsidered several sites around the current crack tip [22]. 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 lea t increment 
in far field displacement. While th results were generally as expected, some numerical 
inconsistencies have appeared, so the results unfortunately cann t be relied on. 

The objective here is a detailed experimental study and interpretation, for several alloys, 
of crack configurations such as shown in Fig. 1b, that grow along a single shear band 
under combined shear and tensile load. 

2. Experimental procedures 

(a) Material 

Tensile tests were performed on six alloys with the compositions and conditions listed in 
Table I, using standard 6.35 mm diameter specimens with 25.4 mm gauge length. Curves of 
true stress a vs. integrated equivalent plastic strain ff are represented by 

(3) 

The Bridgman correction for necking was applied with the ratio of net section radius a to 
profile radius R found from the empirical relation that it increases directly with the amount 
that the strain exceeds the uniform strain [23]: aJ R = C - Clf' 

The three constants al • co' and n were fitted three ways: i) to the yield strength YS, the 
tensile strength TS and the load maximum there, and the logarithmic (uniform) strain at the 
tensile strength C,,; ii) to the tensile strength conditions and the equivalent true strength and 
strain at fracture (J/ and c/; and iii) to the YS and the flow strengths takcn rathcr arbitrarily 
at ff = 0.125 and ff = 0.250. The results fell in the ranges shown in Table 2. We denote as 
"lower hardening alloys" the 1018 cold finished, the HY-80, and the HY-IOO steels 
(n 0.1); and as "higher hardening alloys" the 1018 normalized and A36 hot rolled steels 
(n ~ 0.2). The 5086-Hill aluminium is between these two groups. 

(b) Test method 

Both the symmetric and asymmetric notched specimens weI' first fatigue precracked and 
then tested in tension. Specifically, from 12.7mm diameter round bars of each alloy, seven 
specimens were first machined as shown in Fig. 2a, with side grooves to ensure a straight 
fatigue pre-crack approximately 1.3 mm deep with a root radius of 0.25 mm. After fatigue 
pre-cracking, the asymmetry in the four asymmetric specimens was introduced through the 
machined shoulder (Fig. 2b). In addition, the further side grooves were machined at 40 deg 
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 
deg, orthogonal triangles were machined as shown in Fig. 2c. 

Stability of the tests turned out to be an important consideration due to the high crack 
growth rate expected in the asymmetric case. Thus short specimens, stiff adapters, and 
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Tahle 2. Room temperature tensile and hardness data for the six alloys tested 

Yield Tensile Hardness Fracture Parameters in Eqn. (3) 

Strength Strain Strength Unif.strn RA True Strength Prestrain Exponent 

Strg Strn 

YS, t y TS, e" HDP (Jr, G( (J I £0 n 
MPa, MPa, Kgfjmm 2 0/0 MPa, - MPa 

1018 steel (0.15- 0.20% C, 0.60-0.90% Mn) cold finished 
411 0.002 500 0.04- 180 52 660 0.72 590- -002- 004­

0.086	 690 0.01 0.13 

HY-80 steel (018% C, 2-3.25% Ni, 0.10-0.40% Mn, 0.15-0.35% Si) 
648 0002 745 013 209 71 1200 1.25 1030~ 0.007- 010­

1150 0043 0.17 

HY-IOO steel (0.20% C, 2.25-3.50% Ni, 0.10-0.40% Mn, 0.15-0.35% Si) 
772 0002 869 0072 248 71 1350 1.24 1100- 0.001- 0.06­

1280 0.111 o 18 

5086-HIII aluminum (4% Mg, 0.4% Mn, 0.15% Cr) 
225 0002 333 0.15 82 44 480 0.58 510- 0002- 0.15­

540 0.010 o 18 

1018 steel, normalized 1700°F in argon 
351 UYP 
305 0028 457 o 17 103 70 830 1.19	 690- --0025- 0.14­

770 0.100 0.27 

A36 steel (0.29% max C, 0.60-0.90% Mn) hot rolled 
411 YP 
337 0.032 469 024 90 68 880 1.14 800- -0.020- 0.20­

840 0.022 026 

locknuts were used. The tensile tests were performed on a 0.5 MN (50 metric ton) MTS 
testing machine with compliances of 2.3 x 10- 6,4.6 X 10- 6

, 1.08 x 1O- 6 mm/N for the 
steel specimens, the adapters (including a pin-joint), and the machine, respectively. Freedom 
of transverse displacements was ensured by attaching the upper end of the specimens to a 
V-joint. Stable tests were obtained except for the lower hardening alloys, which were 
dynamic for Jess than 20 percent of the falling part of the load-displacement curve. 

The load was plotted continuously versus the axial displacement across the shoulders, as 
measured with a strain gauge extensometer. In addition, a strain gauge transverse displace­
ment meter gave relative displacements between extension arms so that the measurement was 
made at the net section, as shown in Fig. 3. 

(c) 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 corre­
sponding to the horizontal line is called the idealized crack initiation displacement, u;. 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 approximation to 



108 G.A. Kardomateas and F.A. McClintock 

Section A-A 

O.25R 

Fig. 2a. Machining for precracking of the specimens. 
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Fig. 2b. Second machining (after fatigue precracking) for the asymmetric specimens; a is the fatigue crack. 

45· ~ 45·~--- ti-il -------]
_n n __ _ _ __ m _7-:i: __

A _J 

I 397 

Section A-A 

~----------~----------] 
-um u lu L--------­
Fig. 2e. Second machining (after fatigue precracking) for the symmetric specimens. 

the crack tip displacement. Although the plots like Fig. 4 were normalized by dividing by the 
gauge length, the crack tip displacements for initiation are local quantities and should be 
independent of specimen size, so they will be given in terms of physical length. They are also 
then easier to compare with the more familiar crack tip opening displacements (CTOD) for 
mode I. 

The maximum load is normalized as the loadfactor, defined as the ratio of maximum load 
to a nominal load which is the limit load for a non-hardening material with the same tensile 
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57 
Gauge lenglh 

• 
T 
51 

f------" 1 

Fig. 3. Axial and lransv rse displacement gauge locations 

Load 

Break-through 
/point 

Axial 
Extension 

Fig. 4. Schematic of [he load v'. axial gauge-point di plac ment cur e. The displacements u, and /I, are mea ured 
after fracture. Th crack growth displacement: is du = till liu".,. 

trength. For the single-edge-notch . pecimens tested here, the nominal load is given in terms 
of the initial projected ligament length 10 after pre-cracking, the width IV, and the tensile 
strength T.S. by 

(4) 

hen the load/actor Fr is 

(5) 

The m t u cflll mea ure of crack growth resi'tance cem to be the cra"k growth ductility. 
Dg • defined as the minimum axial displacement per unit projected ligament reduction. 
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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, the crack growth displacement dUg is taken to consist of the 
gauge displacement du and the elastic unloading duun' as shown in Fig. 4. 

(6) 

he ligament reduction can be approximated from the relative load drop, and thus we define: 

Do == ( dUx/lo) ~ (dUg) . (7) 
., dPI Pm.x min dl min 

From Fig. 5, using the law of sines gives the relation of Dg to the crack opening angle: 

sin 1; sin (CCA) 
(8) 

cos fJ 1 sin (1; - 8, + COA)' 

In addition, the crack growth ductility is the normalized compliance requirement for 
fracture-stable design: 

Compliance of surroundings < Dg10 IPmax' (9) 

If it is not convenient to measure the racked compliance giving duunl , an extensometer 

ductility De" is defined as 

Dcx! 
dUIlo) (dU) (10)== ( d P P ~ dl .' 

/ max min mJO 

Fig. 5. Deriving the relation between the crack opening angle and the crack growth rate. 
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This definition includes the effect of the compliance in the shoulders and is thus smaller 

than D~. 

The crack growth du tility gives a parameter analogous to the tearing modulus of Paris 
et al. [6] defined in terms of the yield or tensile strength (Jo, the modulus E and the J-integral 
by: 

E dJ 
T ( 11)

(J6 de . 

To approximate the J-integral, consid r the simple case of the far-field displacement taking 
plac along a single shear band and expre s it in terms of the shear strength, k, and the 
displacement aero s the band, u fl., which break through to the back surface where the 
band is of thickness t. The J integral in terms of work per unit volume Wand traction Tis 

GU)J = J Wdx2 - ~. ax; ds . ( 12)( 
Th only nonzero term occurc where the shear band breaks through the back surface along 
a distance ~X2 = t j2, where W = ku fl.: 

J = (ku j2) (t)2) = 2ku. (13) 

Thu define a modified tearing modulus T*, analogous to the tearing modulus T, by introduc­
ing (13) into (II). In tem1S of the tensile strength, (Jo ~ TS. ~ kj3, 

( 14)
 

COA 

Asymmetric 

\ Initiation'7C
"'!Z'M

Notch 

/ 
COA 

Symmetric 

Grawlh Zone 

Fig. 6. Schematic or the rracture surrace profile ror the asymmetric and symmetric cases. 
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In the symmetric case the expression for the J-integral, J,ym = 2ku [16], leads to an identical 
ex pressIOn. 

More accurate measurements of the displacements during crack initiation and growth, U i 

and u g , are found from the profiles of the two crack surfaces, plotted using a metallurgical 
microscope with a travelling stage. umerous horizontal and vertical coordinates were 
recorded through two linear potentiometers driving an x-y recorder. A typical plot, as in 
Fig. 6, consists of the 60 deg notch, the fatigue crack (with some amount of deformation, 
VI - v 2 ), an initiation zone which shows some blunting, and a growth zone. The initiation 
displacement is VI - v g • In addition, fracture profil s were used to obtain the crack opening 
angle COA, the lower and upper flank angles (), and ell' the average crack direction 
e = (ell + (), )/2, and, for the asymmetric case, the orientation of the total displacementc 

vector cP. The breakthrough displacement, when the fracture first breaks through the back 
surface and leaves shear lips at the sides, is given by the vertical component of VI' and is 
usually indicated by a flattening of the load-extension curve. 

3. Results 

Plots of load and transverse displacement versus axial displacement are shown in Figs. 7 and 
8 for symmetric and asymmetric specimens of HY-IOO and A36 HR steels, typical 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 fracture profiles, such as shown 
in Figs. 9 and 10. 
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Fig. la. Test data for the HY -100 steel asymmetric specimens. 
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Fig. 7b. Test data for the HY-IOO steel symmetric specimens. 

Fig. 8a. Test data for the A36 hot rolled steel asymmetric specimens. 

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 specimens (Fig. 7b). Thus the asym­
metric specimens ofHY-IOO 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-IOO steel (Figs. 9a, 9b), compared to the negligible increase for the high hardening A36 
steel (Figs. lOa, lOb). The reader interested primarily in these major results may wish to turn 
directly to d) Crack growth ductility measures. 
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Fig. 8b. Test data for the A36 hot rolled steel symmetric specimens. 
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Table 3. Test results 

Averages of 3 symmetric and 4 asymmetric tests. (Ligament 10 = 2.5 mm) 

Alloy 1018 CF HY-80 HY-IOO 5086-HI II 1018 Norm. A36 HR 
n = 0.12 013 0.12 0.16 0.20 023 

a) /niriarion ductiliry measures 
Idealized initiation displacement, u!, mm (Fig. 4) 

Sym 0183 0274 0211 0.455 
Asym 0.185 0.279 0.254 0.409 

Profile initiation displacement, ui , mm (Fig. 6) 
Sym 0.053 0.130 0 130 0.201.. Asym 0.084 0.183 0.132 0.185 

b) Maximum load 

Load factor, f; = f',,,"xllow(T.S.)(2/j3) (Eqn. 4) 

Sym 1.02 1.16 1.15 1.19 
Asym 0.88 1.05 1.06 1.12 

c) Directions: Iar-field displacement and crack growth 
Relative far-field displacement direction, ¢ (Fig. 6) 

Sym ('" 90°) 
Asym 51 ° 55° 55° 56° 

Crack direction 8, = (8" + 8, )/2 (Fig. 6) 
Sym 
Asym 41° 40° 

d) Crack growth ductility measures 

Crack growth ductility, D, =(du,d/u)/(dP/Pm,,)mm '" (du,.(dl)mm (Eqn. 7) 
Sym 0.233 0.320 0.354 0 166 
Asym 0.072 0096 0.105 0.108 

Modified tearing modulus, T* =(E/T.S.)(2/j3)D, (Eqn. 14) 

Sym 909 107.9 103.8 43.6 
Asym 28.2 32.4 47.4 28.4 

Extension rate, D", '" (du/dl),mn (over 25 mm gauge length) (Eqn. 10) 
Sym 0199 0.285 0299 0.120 
Asym 0046 0060 0.061 0083 

Profile growth displacement u,/Io (Fig. 6) 
Sym 0262 0362 0.404 0.278 
Asym 0.084 0.115 0.125 0.138 

Crack opening angle from crack growth ductility, COA (Eqn. 8) 
Sym 13° 18° 20° 9.5° 
Asym O. r 1.30 1.5° 1.6° 

Profile crack opening angle, COA = 8, - 8", (Fig. 6) 
Sym 18° 26° 28° 18° 
Asym 1° 2° 2° 2° 

0.854 0.437 
0.640 0523 

0.544 0203 
0.386 0279 

1.29 1.21 
1.15 1.20 

63° 61° 

38° 38° 

0.258 0.192 
0.215 o 181 

144.3 108.8 
115.2 102.6 

0.237 0165 
0.195 0.154 

0.317 0.254 
0230 0.216 

15° II ° 
4.7° 3.7° 

24° 20° 
6° 5° 

(aJ Initiation ductility measures 

Idealized initiation displacement, u;. As shown in Table 3, this experimentally convenient 
measure of the crack tip displacement (defined in Section 2c) is not appreciably different for 
the asymmetric and symmetric 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. 
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Fig, lOa. Fracture surface profile for the A36 hot rolled steel asymmetric specimens. 
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Fig. lOb. Fracture surface profile for the A36 hot rolled steel symmetric specimens. 

Profile initiation displacement, U i • This more accurate initiation displacement, from fracture 
surface profiles, is given in the next pair of rows of Table 3. It is about 0.5 of the idealized 
initiation displacement, although ratios as low as 0.3 and as high as 0.7 are found tn 

cold-rolled vs. normalized 1018 steel. 
Both experimental observations of initiation 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 calculations of crack initiation [24-25]. 

(b ) 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 nonhardening material based on the tensile 
strength (4), (5). The load factors are in general somewhat larger in the higher hardening 
alloys, where there is more strain-hardening around the initial notch, and for the symmetric 
cases, where more ductility allows higher strain-hardening. 
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( c) Directions 

Far-field displacement vector. In the asymmetric case, the angle ¢ of the far-field displace­
ment 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 45 deg and larger in the higher 
hardening alloys. The final relative far-field displacement vector VI at ¢, measured after 
fracture from the microscopic profile plots (Fig. 6), is between 51 and 63 degs. It is larger for 
the higher hardening alloys. The fact that it is typically greater than 45 deg means that there 
is some mode I (opening) component of the crack tip displacement, beyond that associated 
with cracking to one side of a single 45 deg shear band in non-strainhardening materials. 

Crack direction. In the symmetric specimens the macroscopic crack generally ran within 
10deg of transverse. "Zig-zagging" of the fracture surface is characteristic of the 5086-H11I 
aluminum symmetric specimens, where two slip planes were active and the crack grew 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. Symmetric specimens in the lower hardening alloys also 
often turned into asymmetric ones, following only one slip plane. In some instances, half of 
the specimen followed the +45 deg slip plane and half the - 45 deg plane. 

In the asymmetric specimens, the crack progressed at an angle of about ee = 38-41 deg 
from the transverse (Table 3). Relative to the shear band as determined from the far-field 
displacement, the crack was more transverse by ¢ - ee = 10-25 deg, the more the higher 
the hardening. This is perhaps because these far-field and local crack tip displacement 
vectors measured from the surface profiles were in different directions, rather than being 
parallel. Furthermore, 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, D g . In the low hardening alloys, the asymmetric crack growth 
ductility, defined in (7), 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 alloys, on 
the other hand, Dg is 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 is practically insensitive to strain hardening. 

Modified tearing modulus, T*. The tearing modulus TofParis et al. [6] is approximated from 
the crack growth ductility for the asymmetric and the symmetric cases from (14). The 
asymmetric values are lower than the symmetric ones by a factor of 2 to 3 for the low 
hardening alloys, compared to factors of only I to 1.5 for the high hardening ones. 

Extension rate, Dexl ' If it is inconvenient to obtain the compliance near the steepest fall in 
the load-displacement curve to find D , the extensometer ductility, D defined in (10) may g ext , 

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. 
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Profile displacement during growth, ug/lo. The displacement during growth from initiation 
until the fracture breaks through the back of the specimen, u g , can be found from the fracture 
surface profiles (Fig. 6). Its normalized value, ug/lo, is in general only 10 to 20 percent larger 
than the crack growth ductility (except 25 percent for the aluminum alloy), indicating the 
validity of both measures. 

Crack opening angle, COA. In the HY-I 00 steel, notice from Fig. 9 the large reduction in the 
crack opening angle (COA) of the asymmetric case relative to that of the symmetric, whereas 
in the A36 steel of Fig. 10 the difference in the COA between the two geometries is not 
appreciable. In Table 3, the COA is estimated from the crack growth ductility using (8), and 
also is given as found from the fracture profiles. For the asymmetric specimens the estimated 
CONs 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 D g and the profile displacements ux/lo' 

(e) Size effects in/idly plastic crack growth 

Results of tests on 38.1 mm diameter specimens of 5086-H III aluminum are compared 
with those from the 12.7 mm specimens in Table 4. As expected, the crack tip opening 
displacement at initiation, U i = 0.19 mm, is almost exactly the same for the two sizes. The 
maximum load was 5 percent higher, for no apparent reason. The crack growth ductility, as 
indicated by the displacement for growth across the ligament, ug/lo, was only 4 percent 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)large In [(c - ('i )/Q]large In (762) 
1.20. 

(dc/du)'mal' In [(c - (;, )/Q]small In (254) 

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 experi­
ments. Eventually, for large enough parts to give elastic-plastic fracture, there will of course 
be a size effect. 

(f) Marking the crack front 

In the large 38.I-mm diameter 5086-HIII aluminum 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 SOx. The correspond­
ing displacements were then obtained from the load-displacement curves, accurate to about 
0.01 mm. Figures Ila, 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 
/1u/(/1c + /1u). 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 ofO. I65. For the asymmetrical specimens, the crack growth 
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Table 4. Size effect in 5086-H III aluminum alloy 

Initial ligament, 10' mm 2.54 7.62 

a) lnitiation ductility measures 
Idealized initiation displacement, u: , mm (Fig. 4) 

Sym 0.455 
Asym 0.409 

0617 
0549 

.' 

Profile initiation displacement, u" mm (Fig. 6) 
Sym 0.20 I 
Asym 0185 

0.198 
0.183 

b) Maximum load 

Load factor, FL = 

Sym 
Asym 

P",,,,/low(T.5.) (2/j3) (Eqns. 4, 5) 

1.19 
1.12 

121 
I 18 

c) Direuions' Iar-field displaceme/lt and crack growth 
Relative far-field displacement direction, q; (Fig. 6) 

Sym 
A~m 5~ 

Crack direction 8,. = (0. + 0, )/2 (Fig. 6) 
Sym 
Asym 

d) Crack growth ductilily measures 
Crack growth ductility, D. == (du./dlo)/(dP/P"".lm;n "" (du,/dl)",;n (Eqn. 7) 
Sym 0.166 
Asym 0.108 

o 165 
0.105 

Modified tearing modulus, T* 

Sym 
Asym 

== (E/T.S. )(2/j3) DR (Eqn. 14) 
43.6 
28.4 

43.4 
27.6 

Extension rate, De<I "" (du/dl)m<n (over 25 mm gauge length) (Eqn. 10) 
Sym 0.120 
Asym 0.083 

0118 
0080 

Profile growth displacement, u,/lo(Fig. 6) 
Sym 
Asym 

0.278 
o138 

0280 
0.133 

rate is constant at Dg = 0.09, compared to the experimental value of 0.108. This tends to 
confirm the validity of (7) for finding the crack growth ductility from the slope of the 
load-displacement curve. 

(g) Comparison with analysis 

Eq uation (2) gives a crack growth d uctili ty of 0.2, relati vely independent of strain hardening. 
This is close to the crack growth ductility in the higher hardening alloys, but overestimates 
that in the lower hardening alloys by a factor of two. Notice, however, that this analysis is 
based on pure mode II 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. 
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Fig. Ila. Test data for the 38.1 mm diameter 5086-H III asymmetric specimens showing the unloading-loading 
points for making the crack front. 
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Fig. lIb. Test data for the 38.1 mm diameter 5086-H III symmetric specimens showing the unloading-loading 
points for marking the crac:k front. 

An accurate prediction of the crack growth orientation should account for spreading out 
of the deformation. In this context finite elements studies of the asymmetric specimens [26] 
predicted a crack orientation within two degrees of that observed experimentally, and a 
crack growth ductility for n = 0.24 twice that of n = 0.12. 

The greater ductility of the symmetric, higher hardening specimens is also shown qualitat ­
ively by the higher ratio of sliding off to hole growth observed in electron fractographs [27]. 



121 Mixed mode I and Ilfully plastic fracture 

0.90 Asymmetric Symmetric 
o 
~ ...... 
~ 

uO.72 
.r. 
~ 
o... 
C) 

~0.54 
u o... 

U 
"0 
~ 0.36 
u 
c» 
o... 

Cl. 0.1 B 

Fig. /2. Crack advance-axial displacement data for the specimens of Figs. 11 a, 11 b. The fatigue marks provided 
the crack positions. 

4. Discussion 

The previously defined crack growth ductility D g = du~ jdl, the gauge displacement per unit 
reduction in ligament De.. = dujdl, and the modified tearing modulus T* are all measures 
of growth resistance for the fracture geometry of fully plastic asymmetric cracks. They are 
analogous to the crack opening displacement per unit crack advance, d(COD)jda, and the 
tearing modulus, T, or dJjda by (II), (14), that have been defined and used for representing 
the propagation of ductile symmetric cracks. The values of Dg and De,t for the symmetric 
specimens are comparable to those of d(COD)jda reported in the literature (see Table I) for 
some common tests. In the asymmetric case, however, the low hardening alloys reduced these 
ductility measures by a factor of two to three. The central point is that single-parameter 
measures of ductile crack propagation are incomplete. Indeed, in this study the asymmetric 
geometry, incurring a change in the local distribution of strain, influenced the crack growth 
resistance. These ductility measures also depend on triaxiality because triaxiality as well as 
local strain distribution affects strongly the cleavage and hole growth mechanisms of crack 
growth. 

Since the crack growth ductility must be greater than the compliance of the surroundings 
for stable fracture, stability is affected by both triaxiality and geometry. Loss of stability due 
to constraint has been discussed by Rice [28]. Paris et al. [6] developed instability relations 
for fully plastic (non hardening) conditions, including some common configurations. For 
example, in the double edge-cracked strip in tension the imposed constraint leads to a critical 
value of T one sixth that in the center cracked strip in tension. 
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Summarizing our discussion, single-test characterization of crack propagation can apply 
only if crack extension occurs in a c rtain mode and configuration. Instead of a single 
parameter representation like d(COD)jda, a set of such measures, each referring to a certain 
deformation mode and triaxiality, is required to describe adequately the material resistance 
in crack propagation. In this study we have chosen to introduce D~, not to emphasize a 
unique property, but because this definition pertains to the mixed mode fracture geometry 
and it is more closely related to structural needs. xtended work could involve testing 
asymmetric specimens under higher triaxiality, such as tensile testing on doubly grooved 
specimens with the asymmetry introduced through varying notch angles and positions; 
wedge-splitting of a doubly grooved specimen; or ductile fracture under asymmetric bending 
with the asymmetry introduced not only by specimen geometry but also through shear 
loading. 

5.	 Conclusions 

I.	 In asymmetric fully plastic 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 percent. 

4.	 The high crack growth rate of the asymmetric 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 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.	 The crack growth direction is 38-41 deg from the transverse (instead of 45 deg), as 
qualitatively expected from triaxial effects. The larger angle is with less strain hardening. 

7.	 The average displacement vector is at about 51-63 deg from the transverse. Angles 
greater than 45 deg suggest a mode I deformation component. 

8.	 Trebling the specimen size in 5086-H III aluminum gave negligible size effect on the 
displacement to crack initiation, as expected, and appeared to reduce the crack growth 
ductility only by 4 percent. 
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Resume. La plupart des essais de rupture recourent ades eprouvette symetriques, ou la fissure progresse dans une 
region relativement peu endommagee comprise entre deux zones deformees plastiquement par cisaillement. 
Cependant, une fissure au voisinage d'une soudure ou d'un epaulement, sollicitee dans Ie domaine plastique, peut 
ne comporter qu'une bande de glissement par cisaillement, Ie long de laquelle elle progresse, dans un materiau 
ecroui et endommage et comportant de ce fait une ductilite moindre que Ie materiau present dans les configurations 
classiques. 



124 G.A. Kardomateas and F.A. McClintock 

Des essais sur six alliages ont montre que la ductilite par rapport a la croissance de la fissure, definie comme 
Ie deplacement minimum pour une reduction unitaire du ligament, est reduite d'un facteur 3 pour Ies alliages peu 
sensibles a l'ecrouissage (n = 0.1) dans Ie cas assymetrique par rapport au cas symetrique. Cela signifie que des 
alliages a. faible durcissement par ecrouissage, par exemple les alliages a. haute resistance, doivent presenter une 
structure environnante trois fois plus raide pour permettre une conception selon fissuration stable. Pour les alliages 
a. sensibilite plus grande a. I'ecrouissage (n "" 0.23), la ductilite vis-a.-vis de I'amon;age d'une fissure - a. savoir ici 
Ie deplacement a. la pointe de la fissure - est relativement peu affectee par l'asymetrie; cependant on ne peut pas 
toujours s'y fier pour exprimer la ductilite (p.ex. en fatigue olygocycJique). Des lors, de tels essais de ductilite a. 
la croissance d'une fissure sont utiles pour la conception et la surveillance des constructions. 

Du fait de la triaxialite agissant sur un cote d'une fissure de cisaillement asymetrique, I'angle de cisaillement par 
rapport a. la direction transversale se reduit de 45° a38-41°, la plus petite divergence correspondant au plus faible 
ecrouissage. En outre, Ie vecteur de depJacement du champ eloigne est incline de 51 ° a 60° sur la direction 
transversale, d'autant plusque I'ecrouissage est eJeve, ce qui suggere qu'une composante de mode I prend place, 
meme lorsque Ie champ de bandes de gJissement sans durcissement laisse prevoir un cisaillement pur. 


