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1  INTRODUCTION 
[1,2,3,4,5,6,7,8,9,10][11,12,13,14,15,16,17] 

The history of studies of fatigue shear cracks is much shorter than that of cracks 
under push-pull loading. In fact, the systematic research in this field started only 
after 1970 [1-10]. The first works dealing with shear cracks were focused on mixed 
modes I + II and I + III loading and complicated fracture morphologies (factory 
roofs) obtained after torsion loading. Data on mode II, mode III and mixed mode 
II + III crack growth for various materials were preferentially reported in later works 
[11-17]. 

Precise experimental measurements are required in order to get closer to the 
inherent properties of materials and to compare them with the theoretical 
predictions. However, in the case of shear-modes cracks only a few of such data are 
available due to experimental problems connected to roughness-induced crack 
closure and the related local superposition of mode I (e.g., [ 12]). Recent possibilities 
of modelling of materials properties enable a deeper insight into the physical 
mechanisms of crack propagation [18,19]. 

One of the important mechanical properties of materials is a parameter that 
determines the transition from non-propagation to propagation of a cyclically loaded 
crack. Under small-scale yielding in metals this parameter is represented by the 
threshold of the stress intensity factor range (SIFR). In order to discuss the crack 
propagation phenomena near the threshold, it is helpful to divide the crack loading 
mechanisms into two groups – extrinsic and intrinsic ones [20,21,22]. The intrinsic 
(effective) mechanisms are responsible for the generation of new fracture surfaces at 
the crack tip, i.e., the fatigue crack propagation. The extrinsic (shielding) 
mechanisms occur in the surrounding of the crack tip as contacts of fracture surfaces 
during the cyclic loading, usually called crack closure. 

 
 
1.2 GOALS OF THE WORK 

The knowledge of long shear cracks behaviour improved during the last years 
before the start of this Ph.D. work but many aspects were still not sufficiently 
described or remained unclear. The most important unresolved aspects were: 

 
● determination of effective (intrinsic) threshold values ∆KIIeff,th, ∆KIIIeff,th and 

identification of underlying mechanisms of effective resistance to crack 
growth, 

● experimental comparison of the near-threshold crack growth rates in modes II 
and III, 

● quantitative description of a competition between shear and opening modes, 
● appropriate description of the mixed-mode II + III crack growth data. 
 
The main goal of this Ph.D. work is to accomplish these four points by 

performing and evaluating experiments with pure shear-mode crack propagation, 
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followed by a detailed quantitative fractography analysis in three dimensions (3D) in 
order to investigate the crack paths and the related local crack propagation modes. 
The additional goals comprise improving of a special experimental method 
developed and reported in [23] and to extend this method to other specimen types in 
order to verify the measured data and to improve mutual comparison of crack 
growth rates obtained for modes II and III. 

The basic ideas are related to distinguishing between the macroscopic and local 
crack propagation mode. Crack growth under macroscopic mode is described by 
‘classical fracture mechanics’ (linear elastic fracture mechanics) whereas 
‘micromechanics of fracture’ focuses on microscopic level of local crack growth and 
the influence of microstructure of the material, which is essential for explaining the 
crack propagation mechanisms. 

 
 
1.3 BASIC MICROMECHANISTIC MODELS OF PROPAGATION OF 
IDEAL CRACKS 

Fatigue damage of macroscopically homogeneous and isotropic material elements 
ahead of the crack front of equally loaded pure mode II and mode III cracks was, for 
a rather long time, considered to be identical [24]. Therefore, mode II and mode III 
crack growth rates (da/dN)II and (da/dN)III  as well as the related thresholds ∆KII,th 
and ∆KIII,th were also expected to be equal. However, there are several experimental 
indications [ 16,25,26,27] that ∆KIII,th > ∆KII,th and (da/dN)III  < (da/dN)II which is also 
taken into account in numerical codes for 3D crack propagation [28,29]. 

Crack propagation is a consequence of cyclic plasticity at the crack tip which has 
a discrete nature, i.e., the explanations are based on movements of dislocations. 
There are two basic models dealing with different kind of possible dislocation 
mechanisms. [30,31,32,33,34] 

Near-threshold fatigue cracks in metallic materials propagate by a creation of new 
free surfaces connected to the crack front rather than by a continuous accumulation 
of damage inside the plastic zone. There are two most physically based models of 
fatigue crack growth that differ with respect to the generation of new fracture 
surfaces by means of a movement of discrete dislocations [30-34]. Both models, 
originally considered just for mode I loading, assume an ideal crack with plane crack 
flanks and straight crack front and predict the existence of crack-growth threshold as 
a consequence of the discrete nature of plasticity. Note that this is not the case of 
crack-growth models based on continuum mechanics [ 31].  

 
 

1.4 LOCAL MODE II PROPAGATION OF REMOTE MODE III CRACKS  

A pure mode III crack propagation is much more difficult than the mode II one. It 
was suggested [35] that fatigue cracks loaded in mode III can only grow by the 
support of local modes I and II components. 
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In the model reported in [ 20] the crack propagates by alternating step by step 
mode II growth (under the resolved shear stress component τII,d) of the diversely 
oriented crack front segments. This leads to gradual smoothing of the crack front 
and may decelerate the remote mode III crack growth. After a certain number of 
cycles, the shape of the crack front looks similar to a mode III-like crack 
propagation. 

The second model considers even a microscopically straight crack front but the 
assistance of secondary phase particles is needed here. Dislocation pile-ups are 
gradually generated at the particle-matrix interfaces and eventually produce 
microcracks perpendicularly oriented to the main crack front. These cracks can then 
extend under the local mode II along the crack front. 

 
 
1.5 COMPETITION BETWEEN SHEAR AND OPENING MODES 

Mode II and mode III fracture morphologies considerably differ particularly in the 
near-threshold region [ 20]. The change in the crack growth direction is related to a 
competition between shear and opening loading modes that can lead to mode I 
branching. Some simple concepts for the description of the mode I branching 
condition for mode II cracks were also proposed [9,10] but their verification is 
difficult due to a lack of reliable effective values of ∆KIIeff. Small semi-elliptical 
shear cracks, initially growing coplanar with the precrack in remote modes II and 
III, are often observed to form mode I branches – see Fig. 1. 

 

 
Fig. 1. Schematic illustration of deflected and twisted cracks forming mode I branches under mode II and 

mode III loading, respectively. 

 
 

2  EXPERIMENTAL PROCEDURES 
2.1 COMPACT-TENSION SHEAR SPECIMENS (MODE II) 

A standard device for mode I + II testing was used for pure mode II loading of 
compact tension-shear (CTS) specimens. The SIFs were calculated using 
numerically determined formulas for the CTS specimens [36]. 
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2.2 CYLINDRICAL SPECIMENS LOADED IN TORSION (MODE III) 

Pure mode III experiments were conducted by means of a special device 
transforming tensile or compressive force to torsion loading of a cracked cylindrical 
specimen with the same geometry as in the pure shear experiment (see hereafter). 
The specimens were fixed into this device by ring clamping elements and loaded by 
cyclic torque T. The SIFs were calculated using the asymptotic relationship 
published in [37]. 

 
 
2.3 CYLINDRICAL SPECIMENS LOADED BY PURE SHEAR (MODE  
II + III) 

To load a single specimen simultaneously by remote mode II, mode III and mixed 
mode II + III, a special testing device was utilized [ 16,38]. The device transforms 
tensile forces to a simple-shear loading of circumferentially notched cylindrical bars 
with the inner diameter d = 12 mm and the outer diameter D = 25 mm (Fig. 2). At 
the exact central point of the bar the bending moment was zero when considering 
ideal testing conditions and, therefore, no superposition of mode I was present. The 
circumferential crack was subjected to cyclic shear loading that resulted in various 
combinations of modes II and III (Fig. 2c) as a function of the polar angle ϕ. At the 
top and the bottom of the circular cross-section the crack was loaded in a pure mode 
II, on the left and right in a pure mode III and, in between, a mixed-mode II + III 
loading was applied.  

The precracks started at the notch of the depth ln1 = 6.5 mm and reached the 
length lo. The lengths lo and the shear-crack length ls were measured in SEM images 
of fracture surfaces. The dependences of modes II and III SIFs (Eq. 12) on both the 
fatigue crack length lo + ls/2 and the angle ϕ were calculated using FEM [39].  

 

 
Fig. 2. Scheme of the experiment with cylindrical specimens loaded in pure shear: (a) loading device; (b) 

pure shear specimen; (c) specimen cross section with the corresponding loading modes. 
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2.4 INVESTIGATED MATERIALS 

Experiments were done with four different single-phase metallic materials of 
various crystal lattices. The first material was ARMCO iron, a representative of 
body-centred cubic (bcc) metals. It is a nearly pure polycrystalline ferrite. It was 
received in a cold-rolled state and after annealing, it had the yield strength σy ≈ 150 
MPa and the mean grain size dm ≈ 110 µm. 

The commercially pure polycrystalline α-titanium (Grade 2) was investigated as a 
representative of metals with the hexagonal close-packed (hcp) lattice. Two different 
microstructures of this material were prepared by applying annealing temperatures 
of 850 °C (σy ≈ 180 MPa, dm ≈ 50 µm) and 950 °C (σy ≈ 230 MPa, dm ≈ 1 µm). The 
latter microstructure, (denoted Ti-needles), contained fine needle-shaped grains of a 
preferential crystallographic orientation with the mean spacing of about 10 µm. 

Two materials with the face-centered cubic (fcc) lattice were also selected. The 
first was a cold-rolled austenitic steel X5CrNi18-10 with the yield strength after 
annealing σy ≈ 230 MPa. The austenitic steel has a low stacking fault energy (SFE) 
and, therefore, another fcc material with a high SFE was selected – commercially 
pure nickel 201 (99.5% Ni) that had the yield strength σy ≈ 140 MPa after annealing. 

 
 
2.5 CREATION OF FATIGUE PRECRACKS 

Fatigue precracks were generated under pure cyclic compression at the notch root 
of all specimens. In this way, the crack closure effects could be substantially 
suppressed at the onset of the experiment. After pre-fatigue loading, the specimens 
were annealed to recrystallize in order to avoid any effect of pre-fatigue and 
hardening of the material, i.e. to eliminate residual stresses and plastic zone at the 
crack front. It also caused a further smoothening of the precrack facets resulting in 
even more eliminated roughness-induced crack closure. Annealing and cooling 
down of the specimens were done in vacuum to avoid generation of oxide layer at 
the precrack surfaces and the related oxide-induced crack closure effect. 

 
 

3  RESULTS AND DISCUSSIONS 
3.1 CRACK GROWTH RATES 

The near-threshold crack growth rate data obtained for all investigated materials 
were plotted as diagrams ∆a/∆N vs. ∆KII in Fig. 3. The values ∆a/∆N were 
determined as averaged crack growth rates of the shear-mode cracks during 
∆N = 105 cycles when the crack growth rate was gradually decreasing due to an 
increasing friction-induced crack closure. In all experiments, the related ratio ∆a/a ≈ 
0.01 was very small and the corresponding changes of ∆K during the shear-mode 
crack growth could, therefore, be considered to be negligible.  
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Fig. 3. Mean crack growth rate data of remote modes II and III loaded crackrs for (a), (b) ARMCO iron; 
(c), (d) for α-titanium. The threshold values ∆KII,th and ∆KIII,th for ∆a/∆N = 10-13 m/cycle are very close to 
the effective ones. The calculated ∆KII and ∆KIII  are global K values which do not take into account crack 

branching. Full circles – pure shear specimens, hollow circles – CTS specimens in mode II, torsion 
specimens in mode III. 

 
These crack growth data were fitted using the equation ∆a/∆N = A(∆Kn – ∆Kth

n) 
suitable for the near-threshold region [40]. The data corresponding to the absence of 
crack growth (below the threshold) are assigned to ∆a/∆N = 10-13 m/cycle. With 
regard to an expected high scatter near the threshold, the data obtained using single-
shear and CTS specimens are in a good agreement and the effective threshold 
values, ∆KIIeff,th, could be determined with a reasonable precision. These values are 
displayed in Table 2 for all investigated materials. 

In the ARMCO iron the crack growth rates are similar in both modes II and III, 
while in austenitic steel the crack growth rates are different in modes II and III. This 
is caused by the difference in levels of roughness-induced crack closure. In ARMCO 
iron small deviation of crack growth directions cause the same level of friction in 
modes II and III. In austenitic steel the branches to local mode I cause that a highly 
deflected crack in the remote mode II is open and friction is reduced, whereas the 
factory-roof morphology in the remote mode III cause clamping of fracture surface 
and a high level of friction. The higher the tendency to deviate/twist to local mode I, 
the higher retardation of remote mode III cracks compared to those of remote mode 
II. ARMCO iron and austenitic steel exhibit the highest level of this effect. In a 
lower extent it can also be seen in nickel and titanium. 
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3.2 FRACTOGRAPHIC ANALYSIS IN THREE DIMENSIONS 

Micrographs of fracture surfaces from the experiments are presented in Fig. 4 and 
Fig. 5. Three crack path regions can be distinguished on the fracture morphology of 
the four investigated materials. They are marked by white lines: a precrack 
emanating from the notch, the shear crack and the final fracture (brittle or fatigue 
fracture in mode I). 

After the experiments, fracture surfaces of all specimens were examined by SEM 
and their morphologies were recontructed in 3D using stereophotogrammetry in 
SEM in order to identify local crack-path deviations of shear cracks from the 
coplanar crack growth. The computed height profiles running parallel to the 
direction of applied shear stress are in Fig. 4 – Fig. 5. The vertical cutting planes that 
define the profiles are denoted by long white arrows. The coordinate l passes along 
the line from the left to the right or from the top to the bottom and the topological 
data are determined by the vertical coordinate z. These profiles were used for 
measurement of angles corresponding to the crack deflection or twisting from the 
crack (the maximum shear stress plane). 

The profiles running parallel to shear provided deflection angles αII in mode II 
and twisting angles βIII  in mode III. The angles indicate the levels of deflection and 
twisting of crack fronts, determining the amount of local mode I support to in-plane 
shear crack propagation. Mean values and standard deviations of all angles are 
summarized separately for each of the two specimen types in Table 1. 
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Fig. 4 Examples of fracture morphology and profiles along the indicated arrows for mode II and mode III in 

ARMCO iron. The heights in three dimensions can be assessed according to the colour codes. 

 
 
In the ARMCO iron, both mode II and mode III faceted fracture surfaces suggest 

an influence of crystallography on the crack growth. Diversely oriented fibrous 
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Fig. 5 Examples of fracture morphology and profiles along the indicated arrows for mode II and mode III in 

austenitic steel. The heights in three dimensions can be assessed according to the colour codes. 

 
patterns with spatially random orientation may be confined to facets within 
individual grains. These fibrous marks highlight the positions of local crack front 
elements inside individual facets, which are mostly not parallel to the applied shear 
direction. The local crack propagation directions possess a noticeable mode II 
component parallel with the direction of applied shear stress. This corresponds to the 
model of local mode-II controlled micromechanism. The crack propagates in local 
mixed-mode I + II + III directions but the mode II crack growth was predominant in 
both remote modes II and III loading cases. The fracture surfaces in the ARMCO 
iron are rather smooth with small relatively small mean angles (≈ 19°) of both 
deflection and twisting angles in all directions, which indicates a nearly coplanar 
crack growth. 

 
Table 1. Mean deflection angles [°] of mode II cracks and twisting angles [°] of 
mode III cracks. 
     specimen 
     shear CTS 

ARMCO iron 18  ±  17 19  ±   8 
austenitic steel 66  ±    4 67  ±   5 
Ti 23  ±  19 56  ± 12 
Ti (needles) 43  ±  23 33  ± 30 

mode II αII [°]  deflection 

Ni 54  ±  22 50  ± 25 
ARMCO iron 19  ±  13 13  ±  10 
austenitic steel 33  ±  23 45  ±    8 
Ti 29  ±  21 38  ±  21 
Ti-needles  41  ±  19 

mode III βIII  [°] twist 

Ni 38  ±  22 34  ±  21 

 



 13

A clear influence of crystallography was also detected on the fracture surfaces of 
both titanium grades but the angles αII and βIII  were found to be considerably higher. 
Even higher angles αII and βIII  were identified in nickel where the deflection of some 
facets was already close to the theoretical value of 70.5° of pure mode I branches of 
the remote II cracks and 45° of the remote mode III ones [41]. Nevertheless, the 
crystallographical morphology was still present at the whole fracture surface of both 
mode II and mode III loaded nickel specimens. In the austenitic steel, all the 
deflection and twist angles αII and βIII  approached the theoretical values for pure 
mode I branches. The fracture surfaces are locally rather smooth with no sign of 
crystallography influence and the morphology was very similar to that observed 
under mode I loading [ 38]. 

 
 
3.3 INTRINSIC RESISTANCE TO SHEAR-MODE CRACK GROWTH 

Effective thresholds ∆KIIeff,th and ∆KIIIeff,th for ARMCO iron, austenitic steel, 
titanium and nickel are displayed in Table 2. First, the question arises if the values 
of ∆KIIeff,th and ∆KIIIeff,th are really the effective ones. This can be assessed by 
comparison with results of atomistic models for cracked iron single crystal [42,43]. 
These models give the averaged value kIIe ≈ 0.75 MPa·m1/2 for generation of first 
dislocation during monotonic loading. Assuming the factor of 1.3 – 1.5 to reach the 
cyclic threshold [ 31] it gives ∆KIIeff,th ≈ 1.0 – 1.2 MPa·m1/2. This is in good 
agreement with the result of 1.5 MPa·m1/2 for ARMCO iron that is expected to be 
somewhat higher than that for the single crystal due to incompatible geometrical 
crack/slip conditions for the dislocation emission in individual grains along the 
crack front. 

 
Table 2. Measured effective thresholds ∆KIIeff,th and ∆KIIIeff,th 

Material ∆KIIth,eff [MPa·m1/2] ∆KIIIth,eff [MPa·m1/2] 
ARMCO iron 1.5 2.6 
Titanium 1.7 2.8 
Austenitic steel 2.5 4.2 
Nickel 2.9 4.3 

 
 
3.3.2 Analytical Formulae of Intrinsic Thresholds in Modes I and II 

The threshold data can be discussed from the point of view of the underlying 
physical principles. Liaw et al. [44] predicted that the effective mode I thresholds in 
metallic materials should be proportional to the Young modulus E. This was 
confirmed and further refined by the discrete dislocation models [ 31] which 
predicted the proportionality  

 Ie Ik q E b∆ ≈   (1) 
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and, in the case of mode II cracks  

 IIe IIk q G b∆ ≈ ,  (2) 

where G is the shear modulus, b is the magnitude of Burgers vector and qI and qII are 
dimensionless coefficients. Values E, G and b for investigated metals were taken 
into account. 

The simple deformation-based models consider a coplanar shear-mode crack 
propagation that was observed in the ARMCO iron only. In other metals the crack 
propagated along significantly deflected planes (see Table 1). This difference can be 
attributed to a much higher number of slip systems available for shear crack 
propagation in the bcc lattice when compared to both fcc and hcp ones. In the bcc 
structure, a dense spatial set of possible slip systems <111> {110} and <111> {112} 
is available for dislocation emission and slip. This set consists of slip planes 
mutually exhibiting as much as nine different angles in the range of 0 – 90 degrees. 
Therefore, there is a high probability to find slip planes in grains adjacent to the 
precrack front and exhibiting the Schmid factor comparable to that of the precrack 
plane of maximum shear stress. Consequently, the crack can easily propagate along 
such slip planes by only slight deviations with respect to the precrack plane. On the 
other hand, the possible slip systems <110> {111} in fcc structures of nickel and 
austenitic steel form a very thin set of planes exhibiting only one angle between  
0 – 90 degrees. In the hcp lattice of titanium, similarly, the plastic deformation in the 
direction of c -axis cannot be ensured by easy slips in basal and prismatic systems. 
As a consequence, a significantly lower averaged local ∆kIIeff,d on deflected slip 
planes raises the ∆KIIeff,th value in fcc and hcp metals. This corresponds well to high 
deflection angles αIIm of fracture facets measured for these materials (see Table 1). 

The Eqs. (1) and (2) can be modified to the following formulas for effective mode 
I and II thresholds: 

 Ieff,th IK q E b∆ =
, (1a) 

 

II
IIeff,th

q
K G b

nα

∆ =
, (2a) 

where IIm
IIm

1
cos (3cos 1)

2 2
nα

α α= −  [45]. This Eq. (2a) can be used for a rough 

prediction of ∆KIIeff,th for metallic materials when assuming nα,bcc ≈ 0.9, nα,hcp ≈ 0.6 
and nα,fcc ≈ 0.4 for bcc, hcp and fcc metals, respectively. For fcc metals with a very 
low stacking fault energy, however, Eq. (1a) should be applied instead of Eq. (2a). 
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Table 3. Comparison of experimental and theoretical effective thresholds in modes I and II. 

material ∆KIeff,th [MPa·m1/2] ∆KIIeff,th [MPa·m1/2] 
 experiment Eq. (1a) experiment Eq. (2a) 
ARMCO iron  2.7a)  2.5  1.5  1.4 
Titanium  2.0b)  2.0  1.7  1.7 
Nickel   2.3  2.9  3.1 
Austenitic steel  2.3c)  2.5  2.5  2.5d) 

a) [46], b) [47,48], c) [49], d) Eq.(1a) 

 
 
3.3.3 Mode I Branching Criterion 

When knowing the effective values ∆KIIeff,th, one can check the validity of the 
simple branching (bifurcation) criterion ∆kId = 1.15 ∆KIIeff,th ≥ ∆KIeff,th at the crack 
growth thresholds of all investigated materials. This is presented in Table 4. When 
inserting Eqs. (1a) and (2a) into the criterion, 1.15 ∆KIIeff,th = ∆KIeff,th, the transition 
branching angle αIIts ≈ 40° can be determined as a value practically independent of a 
material. Indeed, one gradually obtains (ν ≈ 0.3) [ 45]: 

 

oIIts
IIts IIts

4 0.77 1
1.15 0.6 cos (3cos 1) 40

3 1 2 2

G
n

Eα
α α α

ν
= ≈ ≈ = − → ≈

+  (26) 

 
Table 4. Fulfilment of the branching criterion ∆kId ≥ ∆KIeff,th 

Material Branching criterion [MPa·m1/2] 
ARMCO iron 1.7 < 2.7 
Titanium 2.0 ≈ 2.0 
Nickel 3.3 > 2.3 
Austenitic steel 2.9 > 2.3 

 
With respect to Table 4, obviously, the value αIIts ≈ 40° and the related mode 

mixity ∆kIIeff,d /∆kIeff,d = 0.67 according to Eq. (19) well correspond to respective  
αIIm = 39° and ∆kIIeff,d /∆kIeff,d = 0.70 as measured for titanium. Although the 
branching condition in nickel is fulfilled, the global character of the morphology is 
still of a crystallographic shear dominance. 

 
3.3.4 Ratio of Modes II and III Thresholds 

The kIIIe values for the coplanar emission of screw dislocations at the mode III 
crack front (see, for example [ 43]) were estimated to be somewhat smaller than 
those of kIIe, which would not fit the measured ratio ∆KIIIeff,th/∆KIIeff,th ≈ 1.7 for 
investigated materials at all. If one supposes that only the local mode II segments 
propagate under global mode III loading then the local mode II stress components at 
the microtortuous crack front should only be taken into account. Assuming that the 
mean deviation angle of the in-plane ledges of the precrack front is 30°, the ratio of 
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the local mode II and mode III shear stress is τII,local/τIII,local = 0.5 as follows from  
a geometrical separation of the local shear stresses [ 35] and, consequently, the ratio 
∆KIIIeff,th/∆KIIeff,th should be about 2. However, the in-plane angle of 30°is rather an 
upper limit of the precrack tortuosity. Therefore, it seems that also mechanisms 
other than the local mode II displacements partially contribute to mode III crack 
growth as, e.g., the accumulative damage mechanism inside the cyclic plastic zone. 

 
3.3.5 Important Outcomes for Materials Science and Engineering  

At the threshold loading level (R = 0.1), the extent of the cyclic plastic zone, Rp, at 
the precrack tip is less than (or comparable to) the characteristic microstructural 
distance in all the investigated materials. This means that the influence of 
microstructural barriers does not play any important role and the main factors 
controlling the intrinsic shear-mode thresholds are only related to matrix (lattice) 
characteristics G, b and αIIm that explicitly appear in Eq. (2a). A high intrinsic shear-
mode threshold is, therefore, ensured by a high shear modulus G (high strength of 
interatomic bonds), a long Burgers vector (small manoeuvrability of dislocations) 
and a high mean deflection angle αIIm (small number of available slip systems). 

Height of the crack-wake asperities, which depends on the level of local mode I 
branching, determines the difference between crack growth rates in modes II and III. 
In material with relatively plain fracture surfaces (emission of dislocations from the 
crack tip is a dominant mechanism) crack growth rates in modes II and III are nearly 
comparable. On the other hand, crack growth rates are much higher for mode III 
than those of mode II in materials where factory-roof crack flanks are generated. 
Considering the relationship closureeffectiveapplied KKK ∆+∆=∆ , effective thresholds, which 

can be obtained by the experimental procedure presented in this work, enable 
predicting of the closure component: 

 effectiveappliedclosure KKK ∆−∆=∆ . 

 
 
3.4 MIXED MODE II + III 

In order to describe the mixed-mode II + III crack propagation, there is effort to 
express the data in terms of an equivalent stress intensity range (∆Keq). The 
experimentally obtained mixed-mode crack growth rate data can were described by 
an equivalent SIFR 2 2

eq II IIIK K Kλ∆ = ∆ + ∆ . The coefficient λ decides about the weights 

of contributions of mode II and III components. The results showed that the data 
were best fitted when λ ≈ 1.1. This value is less than 1/(1 – ν) which means that, in 
the near-threshold regime, the mode III component of the crack driving force was 
slightly less efficient than that of the mode II. 
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4  CONCLUSIONS 
Experiments were done in the near-threshold region of the shear-mode crack 

growth in metallic materials and brought new data on effective crack growth 
thresholds for ARMCO iron, α-titanium, nickel and austenitic steel. Experimental 
data were obtained for two types of specimens for each of loading modes II and III. 
Observations of fracture surfaces in three dimensions were done by means of 
stereophotogrammetry in SEM. 

Analysis of crack deviation angles revealed that in the ARMCO iron the cracks 
deflected and twisted randomly in all directions by a small angle ~ 20° and that the 
crack propagated along the maximum shear plane. The facets in the ARMCO iron 
indicated a significant influence of crystallography. In austenitic steel the high 
deflection and twisting angles corresponded to local mode I branching in both 
remote mode II and remote mode III. No crystallographic influence was observed in 
austenitic steel. According to these observations, the model of shielding dislocations 
can be attributed to crack growth in the ARMCO iron and the model of absorption 
of antishielding dislocations can be applied on crack growth in the austenitic steel. 

In all investigated materials, the effective thresholds ∆KIIeff,th under the remote 
mode II loading were found to be about 1.7 times lower than the thresholds ∆KIIIeff,th 
under the remote mode III loading. 

Effective thresholds under mode I and mode II loading of investigated materials 

follow the relationships Ieff,th 3 / 4K E b∆ =  and IIeff,th /K G b nα∆ = , respectively, 
where E and G are the respective Young’s and shear moduli, b is the magnitude of 
Burgers vector and nα is a function of mean deflection angle αIIm: nα,bcc ≈ 0.9, nα,hcp ≈ 
0.6 and nα,fcc ≈ 0.4 can roughly be assumed for bcc, hcp and fcc metals, respectively. 
Consequently, the intrinsic resistance to shear-mode crack growth is predetermined 
by strength of interatomic bonds (G), manoeuvrability of dislocations (b) and the 
number of slip systems in the lattice (nα). 

The simple criterion 1.15∆KIIeff,th ≥ ∆KIeff,th for mode I branching well reflects a 
transition from the shear-mode to the opening-mode controlled crack propagation. 
The associated deflection angle αIIts ≈ 40° practically does not depend on a material.  

Finally, it should be emphasized that the level of friction-induced closure 
component is usually several times higher than the effective one in the near-
threshold region. Therefore, the shear-mode crack growth behaviour is 
predominantly determined by extrinsic factors and the experimental work to find the 
intrinsic resistance to shear-mode crack growth is of a rather subtle nature. 

Verification of the results for other single-phase materials (Nb, Zr) and two-phase 
materials (ferritic-pearlitic steel, pure pearlitic steel, Ti-6Al-4V alloy) is planned to 
be done in the future. 
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ABSTRACT 
The work is focused on fatigue crack propagation under modes II and III and 

II + III in the near-threshold region in metallic materials. A special emphasis is 
given to experimental determination of effective shear-mode thresholds and their 
comparison with theoretical models of propagation of ideal fatigue cracks. The 
criterion for mode I branching is also studied in terms of the effective stress intensity 
factor ranges. 

The amount of experimental data available in the literature is limited due to 
problems related to closure effects of shear-mode cracks, i.e. friction between 
fracture surfaces. Moreover, the design of pure modes II and III experiment is rather 
difficult. A significant difference in closure effects of mode II and mode III cracks 
due to branching to local mode I is emphasized. Under remote mode III loading, 
factory-roof like morphology is usually generated, while a deflection of mode II 
cracks along their front line is created. 

Experiments were conducted for ARMCO iron, titanium, nickel and austenitic 
steel on three types of specimens for shear-mode crack loading. A special technique 
of precrack generation was used which enabled a closure-free loading at the 
beginning of the shear-mode experiments. For all investigated materials the effective 
thresholds under the remote mode II loading were found to be about 1.7 times lower 
than those under the remote mode III. Measured crack growth rates were plotted in 
terms of the diagrams ∆a/∆N vs. ∆K. 

Fracture morphologies were analyzed by stereophotogrammetry in SEM. 
Tendency to local mode I branching was assessed by a measurement of local 
deflection and twist angles. The lowest angles of both mode II and mode III cracks 
where identified for the ARMCO iron, where the cracks propagated in a nearly 
coplanar manner according to the model of emission of shielding dislocations from 
the crack tip. In titanium and nickel the mean angles where higher but they did not 
reach the theoretical angles for local mode I branches. In austenitic steel, both mode 
II and mode III cracks propagated in highly deflected or twisted planes by local 
mode I mechanism. It was suggested that the mechanism according to the 
decohesion model was predominant here and that the differences in the behaviour of 
these materials can be explained by different numbers of available slip systems in 
their crystal lattices. 

Theoretical considerations based on the crack-growth micromechanism combined 
with the mean deflection angle enabled to propose an analytical formula for 
effective thresholds of mode II cracks in a good agreement with experimental 
results. The mode I branching criterion in terms of effective threshold values leads 
to a critical deflection angle of ≈ 40° that is related to a transition from the local 
shear to the opening mode. This angle is practically independent of a material. 

 


