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ABSTRACT. Closure-free long cracks under the remote mode III loading grow
in a more complicated way than those under the remote mode II. For bcc
metals, a coplanar in-plane spreading of tongues driven by the local mode II loading
components at crack-front asperities prevails while twisting of crack-front segments
to mode I, often leading to factory-roof morphology, is typical for other materials. In
bee metals, therefore, the formulation of a quantitative relationship connecting
effective thresholds in modes II and III demands to calculate the local mode
IT components of stress intensity factors at typical asperities of a crack front
loaded in the remote mode III. Therefore, a numerical model of a serrated
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crack front was created and the results were compared with expetimentally
determined ratio of mode II and III effective thresholds for the ARMCO iron.
Although the calculated crack-front roughness needs an experimental
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verification, the preliminary results indicate that the model can provide a
quantitative explanation of the experimentally observed ratio of mode II and
mode III effective thresholds in bee metals.

KEYWORDS. Modes II and III; Effective threshold; Micromechanism; Finite
element method; ARMCO iron.

INTRODUCTION

espite the applied (remote) shear-mode 11, III or II+11I loading, the fronts of long cracks in metallic materials
are, particularly in the small-scale yielding case, always loaded in a local mixed mode I+II+1II due to their 3D
microscopic tortuosity and frictionally induced mode I (e.g. [1], [2]). The contact of asperities in the crack wake
(friction stress) induces a rather high crack tip shielding level which, as a rule, makes the extrinsic component of the
resistance to the crack growth higher than the intrinsic one [3]. After a certain crack extension, such cracks start to deflect
from the plane of the maximum shear stress to reduce the extrinsic resistance (the friction stress) by increasing the mode 1
loading component [4 — 9]. Consequently, the shear-mode cracks usually rather quickly become opening-mode cracks and
the investigation of shear-mode crack-growth mechanisms and the related intrinsic resistance is very difficult. However,
one can still experimentally uncover the crack growth mechanisms and the intrinsic resistance (effective thresholds) for
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loading modes II and III by minimizing the extrinsic resistance by the preparation of fatigue precracks using cyclic
compressive loading and subsequent annealing [10]. Such experiments revealed two basic types of closure-free
propagation of mode II and mode III cracks in metallic materials [3]. First, the shear-mode propagation coplanar with
precrack was observed for mode II loading in the case of bce metals (e.g. ferritic steel or niobium) [11, 12]. In these
materials, the dense set of slip planes in the bee crystal lattice enabled creation and movement of dislocations in the slip
planes lying sufficiently close to the plane of the maximum shear stress and thus possessing a high Schmid factor. The
crack growth then proceeded along this plane in a neatly coplanar manner. The propagation of mode III cracks in the bec
metals was also found to be coplanar but the micromechanism revealed to be a spreading of in-plane tongues inclined by
only very small angles to the macroscopic mode III crack front, thus driven by local mode II loading components [13].
These tongues mostly initiated on asperities (protrusions) of the microscopically tortuous crack fronts. The second (non-
coplanar) type of crack growth was observed in materials with a low spatial density of slip systems (fcc) or with
microstructural barriers for dislocation movement such as the peatlitic steel. In these materials, the fronts of the mode II
cracks immediately deflected from the shear plane to experience a pure mode I loading whereas the mode III crack fronts
locally twisted to create mode I segments which could lead to a formation of the factory-roof morphology. The growth
mechanism in hep materials represented a transition between the above mentioned two principal types [14, 15].

Thus, for the same specimen geometry and the same kind of shear-mode loading, different materials exhibit different
crack paths. However, just a combination of local mode I and local mode II growth mechanisms is relevant for
description of behaviour of most metallic materials [3, 12, 13] under all kinds of shear-modes (I, III and II+III). The
classical criteria for mixed-mode crack propagation [16 — 18] do not take these differences into account and do not reflect
the physical nature of the process. Such criteria cannot be reliably applied to mode II and mode III crack growth since
there is no local mode III growth mechanism adequately efficient with respect to that of the mode II [19, 20]. The cracks
grow under local mode I or II mechanisms instead [15, 21]. To apply the approach of local growth mechanism it is
necessary to determine the local SIFs for the spatially oriented crack fronts. Such analysis was already done for remote
mode II cracks [15]. The results led to a formulation of predictive relationship for the effective mode 1I threshold, which
was verified by experimentally measured values. In the case of mode III cracks, however, the analysis is much more
difficult due to the complicated mechanisms of local mode II crack advances or factory roof formation. Therefore, no
quantitative expression for prediction of the effective mode 111 threshold was found hitherto.

The present paper addresses the problem of the prediction of effective mode III threshold for the ARMCO iron as a case
study of materials with coplanar shear-mode crack propagation. For such materials, the 2D (in-plane) modelling of the
tortuous crack geometry is sufficiently relevant and, therefore, the finite element analysis of the local mode II component
for a crack with serrated (zig-zag) front loaded in the remote mode III was performed. The results are useful for
expression of the ratio 42/ Km of local mode II SIF to the global mode IIT SIF for a straight crack front, which can be
compared with the experimentally measured ratio of effective thresholds AKirestn and AKiiresth.

MATERIAL AND EXPERIMENTS

bee metals. The mode 111 fatigue crack propagation experiment was performed using specimens cyclically loaded

in torsion. The cylindrical specimens had a circumferential notch with the outer diameter D = 25 mm and the
inner diameter 4 = 12 mm. A detailed description of the experimental arrangement can be found in [10].
The precracks were generated at the notch root by cyclic compressive loading [22 — 24| which resulted in an open
precrack and avoided closure effects such as friction and contact of the fracture surfaces. After precracking the specimens
were annealed in vacuum in order to eliminate the plastic zone in the vicinity of the crack tip and to avoid creation of an
oxide layer. In this way, the effective (closure-free) mode 111 crack propagation threshold was measured. After applying
N = 105 loading cycles with the cyclic stress ratio R = 0.1 at room temperature the experiments were stopped and the
specimens were fractured by cyclic push-pull loading in mode I. The fracture surfaces were observed in the scanning
electron microscope (SEM), where the crack length was measured.

I j xperimental data were evaluated for the ARMCO iron which is a nearly pure ferrite, as a representative of pure

NUMERICAL MODEL

ANSYS finite element modeller was adapted. Because of the applied loading and the geometry of the specimen a

T o evaluate local stress intensity factors along the tortuous precrack front a finite element model [25] created with
full 3D model had to be used for the torsion specimen and one symmetry plane was used for the shear specimen.
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Also, a submodelling procedure was employed to minimize the computational time.

The first stage model (global model) described deformation of whole specimen with smooth precrack front (no tortuosity)
under respective loads. The second stage model (submodel) contained the tortuous precrack front. Its geometry was
parameterized and defined by the main dimensions of the tortuosity (tooth height and length). A zig-zag shape of the
precrack front was created by alternating key-points between maximal (Rmax) and minimal (Rmin) precrack front radii and
by connecting these points to create the serrated crack front (see Fig. 1). A scripted code ensured that the number of
modelled teeth was an integer (to avoid discontinuities at the crack front).

precrack face

notch tip

0,700 ()
0,175 0525

Figure 1: Scheme of the precrack emanating from the notch and possessing a serrated front.

Geometrical model was discretized by a very fine mesh of finite elements. ANSYS quadratic elements (SOLID186) were
used and the rotational symmetry was employed to create a mostly uniform mesh. The model was adjusted to have 10
clements in the radial direction from the notch tip to the precrack front and 4 elements along each half-tooth at the
precrack front.

Figure 2: Submodel (finite element mesh).

This arrangement resulted in 9 nodes along each half-tooth. To evaluate the SIFs the ANSYS code used a domain
integration around each evaluated point at the precrack front to compute the so-called interaction integral. Then the local
SIFs were calculated from this integral [26] with respect to local coordinate systems. This calculation was performed for all
nodes along the precrack front which provided 17 values of local SIFs (including one value for the conjoint node) along
each precrack tooth.

RESULTS AND DISCUSSION

ocal SIFs ki, 42 and 43 were evaluated for the remote mode III loaded crack with two crack geometries [27]. The
first one was a smooth circular crack front and the second one was the serrated front (roughness asperities)
characterized by the angle «.
The inclination of the crack front segments with respect to the remote shear stress resulted in a non-zero local mode 11
component. Significance of this component was assessed by the ratio of the local mode II SIF 4, and the remote mode 111
SIF K determined for crack without ledges (asperities). This ratio was denoted 7. and plotted in Fig. 4 for one half of
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the asperity (see Fig. 3). The points at which the values were calculated are denoted by integers from 1 to 9 and they
define the horizontal axis of Fig. 4. Only the values for points 2 to 8 are shown, since the extreme points 1 and 9
represent a discontinuity of the crack front and the corresponding SIFs are not well defined.

Ratios 7e1 = 42/ Kir were calculated as functions of different angles « in all nodes along the half tooth and plotted in Fig. 4.
In this figure each data line corresponds to one angle a.

——————
precrack points in Fig. 4 shear stress
1 ﬁ »

o — Pp— —

maximal k2

Figure 3: The detail of roughness asperities characterized by the angle a.
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Figure 4: Results of 7. for different asperity angles a in the range from 3.35° to 41.65° in points showed in Fig. 3.

Although the ratio 7. is changing along the asperity, a useful dependence of the ratio 7.4 on the asperity angle o can be still
constructed from the computed curves in Fig. 4. Indeed, two special values of 7. can be selected: the average value 7 ay
(calculated from points 2 to 8) and the maximum value 7ayma (at the point 3) that is probably relevant for the first
extension of local tongues at the threshold. Both 7y and 7eaymax as functions of o are plotted in Fig. 5.

The SIF range AKnr measured at the mode I1I threshold under the presumption of a smooth circumferential crack front is
equal to AKefrm. Simultaneously, the local mode II component of the SIF range Ak; at the asperities (initiation sites of
mode II tongues) should be equal to the measured AKiyefrm. This means that the following formula must hold at the mode
I1I threshold:

— /éz — A/éz — AKHeff,th -
KHI AKIlI AKHIeff,th o

M

Teal

The agreement between theory and experiment could be tested by Eq. (1) since, for the ARMCO iron [10], the
experimental ratio 7., was obtained as

AKHeff,th 1.5 MPa m'/?
VX = =
o AKjjpefrn 2.6 MPa m'/?

=0.58 ®)

The value ey = 0.58 was plotted in Fig. 5 as the horizontal dashed line and its intersection with the relevant cutve e mas
vs. o indicates that the characteristic angle o of the asperities at the precrack fronts in the ARMCO iron specimens should
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be of 23°. This value must be, of course, verified by the measured linear roughness of these precrack fronts. Nevertheless,
it seems to be plausible and sufficiently small to allow the local mode II mechanism operate at real micro-tortuous crack
fronts without sharp protrusions.

——maximum -s-average ==mexperimental AKlleff,th/AKIlleffth
11
1.0
0.9
0.8 = =2
0.7 e -

kZ/KIII
o}
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Figure 5: Dependences of 7aimax and 7aay on the asperity angle a calculated for the respective points of the maximal value (stress
concentration at point 3 in Fig. 3) and of the averaged value of the ratio 7.a along the half tooth (points 2 to 8). The horizontal dashed
line represents the experimental ratio of effective thresholds AKrieen / AKintefs b

The model of local mode I/II crack growth was already able to explain the existence of crystallographic facets oriented
neatly parallel with the shear stress direction. It was also used to propose the formula for prediction of the intrinsic mode
I threshold [15], which was found in a good agreement with experiments for many metallic materials. This study
represents an important further step on the way to achieve an appropriate quantitative description of the effective mode
III thresholds too. The results obtained by relatively complicated numerical calculations made to determine the local mode
II SIFs of the serrated crack front seem to be very promising in terms of finding such a relationship.

CONCLUSION

metallic materials with the bce crystal lattice. In these materials, the micromechanism of propagation of mode III

cracks was found to be a coplanar (in-plane) spreading of tongues driven by the local mode II loading component
at asperities of microtortuous crack fronts. Since the in-plane 2D modelling of the tortuous crack geometry is sufficiently
relevant here, the finite element analysis of the local mode Il component for a precrack with serrated front loaded in the
remote mode III was performed. Comparison of the calculated results with experimentally determined ratio of mode 11
and 11T effective thresholds revealed that, for the ARMCO iron as a case study, the characteristic angle o of the asperities
(saw teeth) at the precrack front should be of 23°. Although this value must be verified by the measured linear roughness
of the precrack fronts in the ARMCO specimens, it seems to be plausible and sufficiently small to allow the local mode I1
mechanism operate at real micro-tortuous crack fronts without any sharp protrusions. Thus, the result achieved is
promising in terms of finding a physically justified formula for mode III effective thresholds in metallic materials with bec
lattice.

T his study represents an important step on the way to quantitatively describe the effective mode III thresholds in
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