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Abstract

This paper investigates the phenomenon of slant fracture observed in stable tearing tests of many ductile materials,

where an initially flat crack, loaded under remote Mode I conditions, tends to grow into a slant crack and stay in the

slant configuration until final fracture. In an effort to identify potential reasons why cracks prefer to grow in a slant

manner, three-dimensional finite element analyses of crack-front stress and deformation fields in Arcan-type specimens

containing a flat or slant crack are performed under elastic–plastic and remote Mode-I loading conditions. In par-

ticular, the crack-tip opening displacement (COD) at a position behind the crack tip, the mean stress, the effective stress,

and a constraint factor (defined as the ratio of the mean stress and effective stress) are studied and compared for the two

types of cracks. Analysis results reveal several stress/deformation field variations around flat and slant cracks under

identical remote loading conditions. First, close to the crack front, the COD of a slant crack is greater than that of a flat

crack. Second, at the specimen�s mid-plane, a flat crack leads to a higher constraint value ahead of the crack than a

slant crack. Third, the effective stress ahead of a slant crack is greater than that ahead of a flat crack, especially close to

the crack front. The above results seem to suggest that slant fracture may be preferred because a slant crack enhances

the driving force in the form of a higher near-tip COD value and because a shearing type of failure is promoted in the

case of a slant crack compared to a tensile type of failure in the case of a flat crack.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

For thin sheets of many ductile materials, mixed-mode I/III fracture is considered a common failure
mode [1–11]. In particular, this failure mode can take the form of slant fracture [1,2], which refers to the

situation in which, for example, an initially flat crack in a sheet loaded in Mode I often tends to turn and

grow along a slant plane. This situation is illustrated in Fig. 1, where both a typical fracture surface and a

FE mesh [12] for the transition region are shown. Relevant studies in this area are discussed below, since

they serve as the basis for the current investigation.
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Fig. 1. Typical surface crack shape in Al 2024-T3 during slant crack transition and a finite element representation [12] of transition in

an Arcan test specimen.
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Dawicke and Sutton [13,14] studied the stable tearing behavior of middle-crack-tension or M(T)

specimens made of aluminum alloy 2024-T3. They tested sheet specimens having initial flat cracks and

slant cracks with a slant angle of 45�. Here the slant angle is defined as the angle between the slant plane

(slant crack surface) and the flat crack surface (which intersects the lateral surfaces of the sheet with a

right angle). They found that flat cracks under Mode I loading conditions underwent a transition to slant
crack growth and that the critical crack-tip opening angle (CTOA) value measured on the specimen

surface was lower in the case of a slant crack than in the case of a flat crack. To this end, it is noted that

mixed-mode I/III fracture toughness tests [15] conducted on a range of materials, including steels and

aluminum alloys, seem to show that ductile materials have reduced fracture toughness values for slant

cracks.

Fracture surface analyses of M(T) stable tearing specimens made of Al 2024-T3 have been performed by

Lloyd and Piascik [16]. Surface reconstruction results from microtopography data revealed that M(T)

specimens in the L–T orientation (i.e., the load was applied in the longitudinal or rolling direction and the
crack was in the transverse direction) exhibit a high degree of slant fracture. Shear lips were found to form

along both sides of the specimen and grow to large sizes during stable tearing testing. Experimental studies

by Amstutz et al. [17] and Boone [18] showed that an initially flat crack in an Al 2024-T3 specimen loaded in

tension would grow into a slant crack, with a slant angle of about 38� for most of the remaining fracture

process.

The reason why slant fracture occurs and why a crack loaded in Mode I tends to grow in an almost

constant slant plane is still not well understood. It is clear, however, that slant fracture changes a Mode-I

type of crack growth to a mixed-mode I/III type of crack growth. It seems that mixed-mode I/III fracture
may have a reduced fracture toughness value when compared to Mode I fracture (e.g. [1,2,5,10]), but the

mechanics underlying slant fracture is still not clear.

It is the purpose of the current study to try and shed some light on the slant fracture process and its

underlying mechanics. To this end, detailed three-dimensional (3D) finite element analyses have been

carried out in order to understand crack-front stress and deformation fields around flat and slant cracks

under identical static but nominally Mode I loading conditions. By analyzing the differences in the crack-

front stress and deformation fields around the two types of cracks, it is hoped that mechanics insights can

be gained about the slant fracture transition phenomenon. The problem geometry and material are those of
a modified Arcan specimen [17]. The general-purpose finite element code ANSYS [19] is used for the nu-

merical studies.
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The remaining portion of the paper is arranged as follows. In Section 2, the geometry of the Arcan

specimen–fixture system and the finite element meshes used in the study are discussed. In Section 3, finite

element solutions for both the crack-tip opening displacement (COD) and the stress field around the crack

front for the flat and slant crack cases are presented and their implications discussed. Finally, in Section 4,
the main results of this study are summarized.
2. Finite element models for the Arcan specimen–fixture system

The geometry of the modified Arcan test fixture and specimen under investigation is shown in Fig. 2(a)

and (b). Originally used for testing of composite specimens by Arcan et al. [20], the fixture was modified by

Amstutz et al. [17] for stable tearing tests. In particular, a number of bolts and hardened drill rod inserts

were added to stiffen the specimen–fixture connection. The pinhole locations on the outer edge of the fixture

provide a range of loading angles, /, where / ¼ 0� correspond to remote Mode I loading [21].

In an actual Arcan test, the test specimen is clamped to the fixture using three hardened steel pins at each

end of the specimen. The loading fixture shown in Fig. 2(a) consists of a pair of grips. It is made of stainless

steel 15-5PH and has a thickness of 19 mm (0.75 in.). The test specimen shown in Fig. 2(b) is made of
aluminum alloy 2024-T3 and has a thickness of 2.3 mm (0.09 in.). In the fixture region, the steel has a

Young�s modulus, E, of 207 GPa (30.012E6 psi), a Poisson�s ratio, m, of 0.3, and an initial yield stress, r0, of
Fig. 2. A schematic of (a) the modified Arcan test fixture and (b) test specimen.
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1723.8 MPa (250 ksi). Due to the thickness and high yield stress, the stainless steel fixture remained elastic

throughout the experiment. In the specimen region, the aluminum alloy has a Young�s modulus, E, of 71.71
GPa (10.35E6 psi), a Poisson�s ratio, m, of 0.3, and an initial yield stress, r0 of 358.5 MPa (52 ksi). The flow

stress vs. plastic strain for Al 2024-T3 during uniaxial loading is presented in Fig. 3 to quantify the strain
hardening behavior. In the finite element simulation both materials are modeled with an isotropic strain

hardening behavior.

The Arcan specimen is loaded in Mode I, namely with / ¼ 0� in Fig. 2(a), so that the fixture grip holes at

the two ends of the centerline are gradually pulled away from each other. The maximum displacement

loading applied between the grip holes corresponds to the measured value just before initial crack growth in

the actual stable tearing test. The corresponding mode I stress intensity factor KI � 33:2 MPa
p
m.
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Fig. 3. Strain hardening curve for aluminum alloy 2024-T3.
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Fig. 4. A single-edge crack specimen with a flat crack, where X , Y , Z serve both as the global coordinate system and the crack-front

local coordinate system.
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2.1. Finite element mesh in the case of a flat crack

Before discussing the mesh design, a schematic is presented in Fig. 4 to illustrate a single-edge crack

specimen with a flat crack. The front and back surfaces of the sheet specimen as well as its mid-plane are
defined in the figure. A global coordinate system is also shown in the figure, with the origin placed at the

midpoint of the straight crack front (which is normal to the front and back surfaces). The X axis lies in the

crack surface plane and is perpendicular to the crack front; the Y axis is normal to the crack surface plane;

and the Z axis is along the crack front, forming a right-hand system with the X and Y axes. The above so

defined coordinate system also serves as a convenient crack-front local coordinate system.

Only half of the geometry in the thickness direction needs to be modeled due to symmetry about the mid-

plane, which is located at Z ¼ 0. A converged 3D finite element mesh is shown in Fig. 5, where one-half of

the specimen is meshed with 10 layers of elements in the thickness direction and one-half of the fixture
region with 16 layers, six layers extending beyond the specimen thickness. The layer interfaces are located at
Fig. 5. A converged finite element mesh in the case of a flat crack, representing one half of the Arcan fixture–specimen system in the

thickness direction: (a) an overall view; (b) an X–Y plane view around the crack front (the center point), where the flat crack lies to the

left of the center point.
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distances of Z ¼ 0:2635, 0.4727, 0.6387, 0.7704, 0.875, 0.958, 1.024, 1.076, 1.118, and 1.15 mm. The total

mesh consists of 37,260 eight-node brick elements (of which 27,660 are in the specimen region and 9600 in

the fixture region) with a total of 42,504 nodes. A focused circular mesh with 50 rings in the X–Y plane (see

Fig. 5(b)) is employed near the crack front to capture detailed stress/strain variations and their singularity
behavior at the crack front. Smaller elements, with edge sizes on the order of 0.0218 mm (0.00086 in.), are

distributed along the first ring around the crack front. Elements with larger edge sizes are used in rings

further away from the crack front.

The connection between the fixture and specimen is idealized by a rigid and continuous joint, as sug-

gested by Deng and Newman [22] based on the fact that the fixture and pins used in Arcan tests are re-

latively rigid compared to the specimen. Thus in the finite element analysis, the specimen–fixture system is

treated as one continuous solid with two regions of different thickness and material properties. Also due to

the fixture rigidity, the effect of omitting the loading holes on the load transfer to the specimen is expected
to be insignificant [22].

Loading of the specimen is achieved by specifying a maximum displacement value in the Y -direction
(Uy ¼ 0:116 mm) at the set of upper-loading nodes, which are defined as the nodes along the through-

thickness line that represents the upper Mode-I loading hole (relative to the fixture/specimen orientation in

Fig. 5). The corresponding nodes at the bottom are fixed in all directions (Ux ¼ Uy ¼ Uz ¼ 0). The sym-

metry about the mid-plane requires that all nodes lying on that plane must be fixed in the z-direction
(Uz ¼ 0). To remove rigid body rotation about the Z-axis, a zero Ux displacement value can be specified at

any one node. For convenience, the mid-plane node at the location of the upper Mode-I loading hole is
chosen for that purpose.
2.2. Finite element mesh in the case of a slant crack

A schematic of a single-edge crack specimen with a slant crack is shown in Fig. 6, where the slant crack

surface plane is at an angle (the slant angle a) with that of a flat crack. The global coordinate system (X , Y ,
Z) is as defined in Fig. 4 for a flat crack. For discussion of stress and deformation fields around the straight
crack front, a local coordinate system (x, y, z) is also defined, where x coincides with X , y is perpendicular to
the slant crack surface, and z is along the straight crack front direction. The experimentally measured slant

angle from [17] (which is 38�) is used in this study.
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Fig. 6. A single-edge crack specimen with a slant crack, where X , Y , Z serve as the global coordinate system while x, y, z as the crack-
front local coordinate system.



Fig. 7. A converged finite element mesh in the case of a slant crack, for the Arcan fixture–specimen system.
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The entire fixture–specimen system is modeled in the case of a slant crack due to the lack of any sym-

metry. Shown in Fig. 7 is a converged finite element mesh for the slant crack case. The specimen region is

meshed with 20 layers in the thickness direction. Since the fixture is thicker than the specimen, it is meshed

with six additional layers beyond the specimen thickness on either side of the specimen surfaces. The

spacing of the specimen layer interfaces is similar to those given for the flat crack, with the complete mesh

being composed of 74,520 eight-node brick elements (of which 55,320 are in the specimen region and 19,200

in the fixture region) with a total of 81,516 nodes. Displacement loading conditions identical to those used
in the case of a flat crack are applied.
3. Results and discussion

3.1. COD variation

In this study, a COD vector, which is a function of distance to the crack front, is defined in the local

coordinate system as v ¼ dxex þ dyey þ dzez, where ex, ey and ez are, respectively, the base vectors along the

local x, y and z-directions, and dx, dy and dz are, respectively, the local shearing (Mode II), opening (Mode I)

and tearing (Mode III) components of the COD vector. The basis for a COD criterion in fracture pre-

dictions has been discussed extensively [21,23], and experimental evidence for use of a mixed mode COD
criterion presented (e.g., [17,18,24]). Based on this work, the individual COD components are defined as

follows:
dx ¼ Uþ
x � U�

x ; dy ¼ Uþ
y � U�

y ; dz ¼ Uþ
z � U�

z ð1Þ
where Uþ
x , U

þ
y and Uþ

z are, respectively, local x, y and z displacement components of the upper crack surface

(on the side with positive y), while U�
x , U

�
y and U�

z are, respectively, the corresponding displacement
components of the lower crack surface. The magnitude of the COD vector is referred to as the total COD or
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dt, where dt ¼ jCODj ¼ ðd2x þ d2y þ d2z Þ
1=2

. Note that a Mode-I CTOA value (e.g. [13,14]) can be converted to

an equivalent Mode-I COD value near the crack tip when the crack opening angle is approximately

constant in the crack tip region.

Variations of the total COD and local COD components with distance from the crack front are shown in
Figs. 8–10 for the slant crack specimen. In particular, Fig. 8 shows the variations at the specimen�s mid-

plane, Fig. 9 the variations at the specimen�s front surface, and Fig. 10 at the back surface. Based on the

data in these figures, the following observations can be made. First, near the crack front (see Figs. 8(a), 9(a),

10(a)), the local tearing component dz is the largest COD component, with its value close to that of dt.
Second, the local opening component dy is smaller than the local tearing component near the crack front
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Fig. 9. Variations of the total COD and local COD components at the front surface of the slant crack specimen: (a) a crack-front local

view; (b) an overall view.
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Fig. 8. Variations of the total COD and local COD components at the mid-plane of the slant crack specimen: (a) a crack-front local

view; (b) an overall view.
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view; (b) an overall view.
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but becomes the largest component further away from the crack front, with the transition at a distance of

about 2.3 mm (which is the specimen thickness). It is noted that the tearing component is of the same order

of magnitude as the opening component after the latter becomes the largest component; thus both com-

ponents contribute, almost equally, to dt. The local shearing component, dx, has the expected value of zero
at the mid-plane due to anti-symmetry. It has a nonzero but insignificant value at the front and back

surfaces near the crack front (due to the asymmetry between the front and back surfaces) and becomes zero

further away from the crack front.

An immediate, and somewhat obvious, conclusion from the above observations is that, the slant fracture

process is controlled both by the crack-front separation, which may be represented by the local opening

COD component, and by the crack-front tearing, which may be represented by the local tearing COD

component. This is consistent with the view [7] that material damage ahead of the crack front occurs as a

consequence of a local tearing or Mode III loading, while the local opening or Mode I loading simply acts
to separate the extensively damaged specimen halves. It may be stated that, although a specimen with a

slant crack is subjected to remote Mode I loading, a significant local tearing COD component suggests that

a slant crack promotes local mixed-mode I/III loading conditions at the crack front.

To seek insight into possible reasons why a flat crack may prefer to grow into a slant crack, a comparison

of the variations in dt behind the crack front is made between the flat and slant crack cases, as shown in Fig.

11. This figure includes the variations at the specimens� mid-plane as well as the front and back surfaces to

provide some sense of changes in the thickness direction. While the overall view of the variation comparison

(see Fig. 11(b)) indicates that there is little difference between the flat and slant crack solutions away from
the crack-front region, the crack-front local view (see Fig. 11(a)) clearly shows that dt in the slant crack case

is greater than that in the flat crack case at small distances behind the crack front. In light of this obser-

vation, it can be argued that, under the same remote loading, it will be easier for the slant crack, than the

flat crack, to grow if we view the COD value near the crack front as the crack-growth driving force and if

we assume that the fracture toughness in terms of a critical COD is the same in both flat and slant crack

cases. To this end, it is noted that the results of a previous study [13] show that, during initial crack growth,

flat cracks have a higher critical surface CTOA value than slant cracks do, which seems to enhance the

probability of the preceding argument.
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Another observation is that, while in the case of the flat crack the COD just behind the crack front is

greater at the mid-plane than at the front and back surfaces, the COD in the case of the slant crack is

almost the same at the mid-plane and at the front and back surfaces. Suppose again that the local COD can
be viewed as the crack-growth driving force and that there exists a constant fracture toughness in terms of a

critical COD value. The fact that the crack-growth driving force for the slant crack is the same at the mid-

plane and at the front and back surfaces suggests that the crack front in the slant crack case will tend to

advance uniformly, with no or only slight tunneling. For the flat crack, on the other hand, the fact that the

local COD at the mid-plane is greater than that at the front and back surfaces implies that the flat crack will

probably experience more crack tunneling than the slant crack. These statements are fully consistent with

previous experimental observations [13,14,18].
3.2. Stress variations

The radial and angular variations of stress components in the crack-front local coordinate system are

presented in this section. Solutions for the flat and slant crack cases are compared and implications are

discussed.

For the flat crack specimen, the local and global coordinate systems are the same. In this case, stress

variations at three through-thickness locations (the mid-plane and the front and back surfaces) are taken

from planes parallel to the X–Y plane, and the radial and angular directions are those usually associated

with a local polar coordinate system ðr; hÞ in a plane, with r ¼ 0 at the crack front and h ¼ 0� along the

positive X direction.
For the slant crack specimen, the local and global coordinate systems are different. In this case, three

planes at different thickness locations that are parallel to the local x–y plane are used to abstract the stress

variations. In particular, one of the planes intersects the crack front at the mid-point and is conveniently

called the ‘‘mid-plane’’ here because of the fact that its counterpart in the flat crack case also intersects the

crack front at the mid-point. The other two planes intersect the crack front at the two end points on the

front and back surfaces of the specimen and are also conveniently called, respectively, the ‘‘front’’ and

‘‘back’’ surfaces, mirroring the names of their counterparts in the flat crack case. Similar to the flat crack

case, a local polar coordinate system ðr; hÞ can be associated with each of the three planes, with r ¼ 0 at the
crack front and h ¼ 0� along the positive x direction (see Fig. 12).
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3.2.1. Radial variations

The radial variation of the constraint factor, rm=re, along the direction h ¼ 0� is shown in Fig. 13, where

rm is the mean stress and re the effective stress. It is seen that, at the mid-plane, constraint rises quickly as

the crack front is approached and it is greater in the flat crack case than in the slant crack case. In both

cases, constraint near the crack front is much greater at the mid-plane than at the front and back surfaces.

Further away from the crack front, constraint values at the mid-plane and at the front and back surfaces
are insignificant and of the same order. Therefore, the main effect of a slant crack is that it significantly

lowers the crack-front constraint value at the mid-plane relative to the flat crack case under identical remote

loading conditions.

Fig. 14 describes the radial variations of the mean stress and effective stress along h ¼ 0�. The trend for

the means stress (Fig. 14(a)) is similar to that for the constraint factor, namely that the mean stress is small

at the front and back surfaces and large at the mid-plane, and that the main effect of the slant crack
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configuration relative to the flat crack configuration is to reduce the crack-front level of the mean stress at

the specimen�s mid-plane.

Several observations can be made for the effective stress near the crack front (see Fig. 14(b)). First, in the

flat crack case, re is smaller at the front and back surfaces than at the mid-plane. Second, re has lower

values in the flat crack case than in the slant crack case. Third, in the slant crack case, re has roughly the

same values at the mid-plane and at the front and back surfaces (their values overlap each other). Thus,

relative to the flat crack and under identical remote loading conditions, the slant crack is seen to be able to
raise the level of the effective stress at both the specimen�s mid-plane and at the specimen�s front and back

surfaces.
3.2.2. Angular variations

The radial variations in the preceding sections are along the direction directly ahead of the crack front

and do not give an overall view of the stress quantities along other directions ahead of the crack. To this
end, Figs. 15 and 16 provide angular variations of the stress quantities near the crack front for both the flat

and slant crack cases, which will enable a better view and comparison of the stress fields. The angular

variations are drawn along a circular path centered at the crack front, which is at a small radial distance of

r ¼ 0:272 mm away from the crack front (for comparison, the specimen thickness is 2.3 mm). The angular

position in the figures is between 0� and 180� for the following reason. In the flat crack case, the angular

variations of rm, re and their ratio are symmetric with respect to h ¼ 0�, hence only the range (0�, 180�) is
needed. The same is true at the mid-plane when a slant crack is concerned. At the ‘‘front’’ and ‘‘back’’

surfaces (which are not the actual front and back surfaces; see discussions in the first paragraph of Section
3.2 and Fig. 12) of a slant crack specimen, either the range (0�, 180�) or the range ()180�, 0�) is outside the
specimen and only solutions for the remaining 180�-interval exist, which are presented in Figs. 15 and 16

using the absolute values of h. It is noted that the slant crack solutions at the front crack surface and those

at the back crack surface form anti-symmetric pairs about h ¼ 0�, which can be seen from the figures.

Angular constraint variations in the crack-front local coordinate system are shown in Fig. 15. In both flat

and slant crack cases, the largest constraint is found to exist at the mid-plane, just ahead of the crack front.

The constraint is almost constant at the mid-plane over the angular range of 0�6 h6 45�. The constraint in
the rest of the domain is small. In the slant crack case, the constraint level at the front and back surfaces
seems to decrease linearly and slowly with h. Observations from Fig. 15 confirm the finding from the
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previous section that a major effect of changing from a flat crack to a slant crack in a specimen is to lower
the constraint level ahead of the crack front at the specimen�s mid-plane.

The overall trend in the angular variation of the mean stress (Fig. 16(a)) is very similar to that of the

constraint. Highest mean stress values occur at the mid-plane just ahead of the crack front, which are

almost constant in the interval (0�, 45�), and these values are higher in the flat crack case than in the slant

crack case. The mean stress variation in the slant crack case is almost linear at the front and back surfaces,

with the maximum at h ¼ 0�.
Fig. 16(b) presents the angular variations of the effective stress. It is observed that the effective stress at

the mid-plane and at the front and back surfaces is, over the range 0�6 h6 45�, greater in the slant crack
case than in the flat crack case, with the maximum difference at h ¼ 0�. As seen earlier from comparisons of

radial variations of the effective stress (see Fig. 14(b)), the values of this stress quantity at the mid-plane and
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at the front and back surfaces just ahead of the crack front are basically the same in the slant crack case,

while they are higher at the mid-plane and lower at the front and back surfaces in the flat crack case. Thus

the effective stress at the front and back surfaces receive the largest elevation when a flat crack is changed to

a slant crack.
A synopsis of observations from comparisons of stress variations in this and the preceding section is as

follows. Under identical remote loading conditions, the crack front constraint and mean stress is lowered at

the mid-plane and the effective stress is raised at both the mid-plane and at the front and back surfaces,

when a through-thickness flat crack is replaced with a slant crack of the same length. Since high constraint

and high mean stress are associated with tensile types of failure and high effective stress is indicative of

shearing types of failure, the above observations suggest that a slant crack tends to suppress tensile failure

and enhance shearing failure. Furthermore, the above observations may be used to argue that the change

from a flat crack to a slant crack will tend to reduce the level of crack tunneling at a specimen�s mid-plane
and promote more uniform shearing failure along the crack�s slant plane.
4. Summary and conclusions

3D elastic–plastic finite element analyses have been carried out for Arcan 2024-T3 aluminum alloy

specimens with flat and slant cracks under remote Mode I loading conditions. The focus of this study has

been to compare the stress and deformation fields around flat and slant cracks in order to understand why a

flat crack loaded in Mode I tends to grow in a slant manner, with a goal of providing insight for formu-

lating a theory for slant fracture failure often observed in ductile stable tearing tests.
The following observations and conclusions can be drawn from this study:

1. Slant fracture enhances the local tearing COD component, resulting in local mixed-mode I/III conditions

along the crack front.

2. The near crack-front crack driving force in terms of the jCODj is greater in the slant crack case than in

the flat crack case.

3. When a flat crack is replaced with a slant crack, the constraint and mean stress at a specimen�s mid-plane

are reduced while the effective stress both at the specimen�s mid-plane and at the front and back surfaces
is enhanced.

4. A shearing type of failure is promoted in the case of a slant crack as compared to a tensile type of failure

in the case of a flat crack.

5. Crack tunneling is likely less severe in a specimen with a slant crack than in one with a flat crack.

Relative to the first item above, it is worth noting the results [12] of a preliminary, 3D finite element

simulation of the stable tearing crack growth event in the Al 2024-T3 Arcan specimen. In this work, an

initially flat flaw is extended in a flat-to-slant manner (see Fig. 1 for the FE mesh) assuming (a) a straight
crack front throughout the stable tearing process, (b) a critical COD value of 0.52 mm at 0.50 mm behind

the straight crack front (which is consistent with experimental surface measurements [17,18]) and (c) crack

extension of the through-thickness crack front when the surface COD achieved the critical value. The

predicted variations of dt (i.e., jCODj) and its components during this crack growth process are shown in

Fig. 17. An important observation from this figure is that, at the early stage of crack growth when the crack

surface is still flat, the shearing (local Mode II) and tearing (local Mode III) COD components, dII and dIII,
are basically zero, indicating an opening (local Mode I) type crack growth. When the crack turns and grows

along the slant crack surface, however, dI and dIII are seen to approach each other while dII remains zero,
thus suggesting a combined local mode I/III crack growth.
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