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Abstract. Numerous cases of damage by fatigue in structures are related
to mechanical stresses due to mixed mode loading conditions. To prevent
such cases of failure a precise knowledge of the corresponding theoretical
background is indispensable. Unfortunately, it is not yet possible to
describe the crack propagation considering a superposition of all three
crack modes satisfactory. For this purpose, experiments on single-edge
notched specimens made of 34CrNiMo6 using a tension-torsion testing
machine under different mixed mode ratios and phase angles were
performed. The focus of the investigations is especially on the kinking and
the twisting angle of the crack as well as on the influence on the residual
lifetime. Further, existing concepts concerning the prediction of the crack
growth under mixed mode are evaluated.

1 Introduction
In general, structures are subjected to a complex service loading. Due to this and/or the
orientation of the fatigue crack in the component a plane or spatial mixed mode loading
exists. Furthermore, there are numerous practical cases where the loading and thus the
dominating fracture modes change with time and location during fatigue crack propagation.
For predictions of the service life of a component as well as for the evaluation of safety
during operation, a profound knowledge base of the respective influences is essential. Most
of the investigations presented in literature focus on mode I/II or mode I/III loading
conditions. However, it is not yet possible to describe the crack propagation considering all
three crack modes satisfactory.
Within the scope of this paper the influence of a superposition of mode I, II and III
under different conditions on the crack propagation is investigated. Therefore, systematic
experimental examinations on the crack growth in flat specimens using a tension-torsion
testing machine were performed. In particular, the kinking and the twisting angle as well as
the residual life time due to different phase angles and mixed mode ratios are investigated.
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Furthermore, the experimental investigations are accompanied by linear-elastic finite
element simulations for the evaluation of existing concepts concerning the prediction of the
crack growth under mixed mode conditions. The main focus is on a better understanding of
the basic phenomenon of the fatigue in structural elements.

2 Material, specimen geometry and testing machine
The tested material is the high-strength steel 34CrNiMo6 at quenched and tempered
conditions with the chemical composition shown in Table 1 and the mechanical properties
shown in Table 2. The specimens are cut and CNC milled out of a forged block instead of a
sheet metal to prevent for influences due to possible rolling directions. Single-edge notched
(SEN) specimens with the dimensions presented in Fig. 1a are used.
For comparable and reproduceable conditions a V-shaped sharp starter notch is wireeroded. Furthermore, an initial crack under mode I is inserted with a crack increment of
a = 0.3 mm which is corresponding to a potential drop by one percent concerning the
potential drop technique. The experiments are performed with a servo-hydraulic testing
machine Tension/Torsion Instron 8854 (Fig. 1b).
Table 1. Chemical composition (in % of weight) of the tested material 34CrNiMo6 [1].
Element
Composition

C
0,36

Mn
0,73

Si
0,26

P
0,006

S
0,001

Cr
1,57

Mo
0,22

Ni
1,57

Table 2. Mechanical properties of the tested material 34CrNiMo6 [1].
Rp0,2 in
MPa
819

Rm in
MPa
963

Hardness
in HB
326

A5 in %
15
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Experimental setup [1]
a) Drawing of the SEN(TC)-specimen
b) Servo-hydraulic testing machine Tension/Torsion Instron 8854.

2

Al
0,022

MATEC Web of Conferences 300, 11006 (2019)
ICMFF12

https://doi.org/10.1051/matecconf/201930011006

3 Experimental investigations
The main focus of the investigations is on the influence of superimposed cyclic tensioncompression and torsional loading including all three crack modes on the crack
propagation. However, since the processes of crack growth under mixed mode loading
conditions are very complex experimental tests under simplified conditions are performed
previously.
In Fig. 2a one of the crack surfaces of a specimen loaded under separate, cyclic torsion
at R = -1 is presented. It becomes clear that the crack does not grow in the horizontal
symmetry plane but under a high kinking angle of nearly 0 = 70°, which is typical for
mode II cracks. Moreover, the kinking angle is equal on the front and the back side of the
specimen (Fig. 2b and c). Regarding the twisting angle 0 along the depth of the specimen
there is a change of direction in the vertical symmetry plane. This leads to a V-shaped crack
path until the final failure (Fig. 2d).
a)

Fig. 2.

b)

c)

d)

Crack surface after cyclic loading under separate torsion at R = -1 [1]
a) Diagonal view
b), c) Front and back side of the specimen
d) Straight view on the crack surface.

As an alternating loading involves additional complications in particular with regard to
friction further tests are performed under torsional loading at R = 0.1 superposed with a
static tension. The corresponding crack surfaces for a tensile loading of 5 kN and of 10 kN
are presented in Fig. 3.
In comparison to the results after separate torsional loading the crack surfaces show a
significantly changed crack propagation. The kinking angle is smaller (Fig. 3a) and
decreases with increasing mode I (Fig. 3c). It could also be observed that the crack grows in
opposite directions on the specimen surfaces in the beginning. After a few millimetres of
crack propagation, there is suddenly a change of direction on one of both sides, so that
afterwards the kinking angles at the surfaces have the same sign.
The twisting angle does not follow a V-shaped development, but rather an S-shaped
propagation with a linear increase in the middle section at those loading conditions (Fig. 3b
and d). Furthermore, the crack path increases slightly with higher crack depth, but is not
significantly influenced by the amount of the mode I loading part.
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b)

c)

d)

Crack surfaces after superposition of cyclic torsional loading at R = 0.1 with [1]
a) a static tensile loading of F = 5 kN and
b) a static tensile loading of F = 10 kN.

Based on the results of the previous investigations a load level of N,max/F = 0.08 is
defined. Further, the R-ratio of the torsional loading as well as of the axial loading was set
to R = -1. Following those conditions, different mixed mode ratios calculated from the
maximum nominal stresses N/N are tested.

At a mixed mode ratio of N/N = 1/1 the kinking angle is merely smaller (Fig. 4a) than
in the experiments under separate torsion (Fig. 2a). Moreover, the kinking angle is clearly
smaller at a ratio of √3/3 (Fig. 4b), because of the higher mode I part of the loading. Apart
from this, it is noticeable that the crack branches at a ratio of 1/1, while it is not observable
at a ratio of √3/3.
The observations regarding the kinking angles can also be seen by looking at the final
crack surfaces (Fig. 4c and d). Furthermore, it is conspicuous that friction effects have a
major influence on the crack shape developments. The interaction of both alternating
loading types leads to a heavy abrasion and therefore to a darker and rougher crack surface.
Concerning those conditions, a twisting angle is hard to determine, but its crack path
corresponds more closely the S-shaped example in Fig. 3 than the one at separate torsional
loading with R = -1 (Fig. 2).
a)

c)

d)

τN/σN
=
1/1

τN/σN
=
3/3

τN/σN = 1/1
τN/σN

τN/σN = 1/1
b)
τN/σN
Fig. 4.

Crack propagation under in-phase loading conditions with different mixed mode ratios
a), b) Crack propagation observed with digital image correlation (DIC)
c), d) Comparison of the crack surfaces [1].
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In Fig. 5 the results of the appropriate experiments under 90° phase shifted loading
conditions are shown. It becomes clear that the crack does not branch at N/N = 1/1 (Fig.
5a). In addition, in this example the kinking angle is smaller than under in-phase conditions,
while there is no significant change at a ratio of √3/3 (Fig. 5b).
Regarding Fig. 5c it is noticeable that the effect of friction is lower under out-of-phase
conditions, resulting in brighter and finer crack surfaces. The twisting angle has a nearly
complete linear path across the thickness of the specimen (Fig. 5d) and again slightly
increases with increasing crack depth.
a)

c)

d)

τN/σN
=
3/3

τN/σN
=
1/1

τN/σN = 1/1
τN/σN

τN/σN = 1/1
b)

τN/σN
Fig. 5.

Crack propagation under 90° phase shifted loading conditions
a), b) Crack propagation observed with digital image correlation (DIC)
c), d) Comparison of the crack surfaces [1].

The diagram in Fig. 6 shows the crack length a versus the number of cycles N. Presented is
each one exemplary test for conditions under both mixed mode ratios as well as under a
phase shift angle of  = 0° and 90°. It can be seen that there is an influence on the crack
growth rate depending on the chosen loading conditions. While the crack growth rate
decreases with a higher amount of mode I at in-phase conditions, it increases at 90° out-ofphase conditions. All in all, the highest crack growth rate reveals at a mixed mode ratio of
1/1 and  = 90°. On the other hand, the smallest crack growth rate is also given at a ratio of
1/1, but under in-phase conditions. The curves at N/N = √3/3 only differ marginally.
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Exemplary a versus N plots for different phase angles and mixed mode ratios.
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Additionally to the previous experiments, further investigations at the same mixed mode
ratios, but with a phase shift angle of 45° were performed. The comparison of the crack
surfaces in Fig. 7a reveal that the kinking angles are very small and even smaller than at
 = 90°. Moreover, there is no significant difference between the results of the both
different N/N-ratios.
Regarding the residual lifetimes for all test series, it becomes clear that the number of
cycles to failure decreases with increasing phase shift angle (Fig. 7b). However, this
influence is significant lower at a mixed mode ratio with higher mode I part.
a)

b)
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Comparative examinations under 45° phase shifted conditions
a) Crack surfaces after 45° phase shifted loading under different mixed mode ratios
b) Number of cycles to failure versus the phase angle and mixed mode ratio.

4 Numerical investigations
As mentioned, the theoretical description of the crack propagation under mixed mode is not
possible satisfactory. Within the scope of this paper, selected concepts are analysed and
comparatively discussed in particular concerning the kinking angles. The focus is on the
MTS- [2] and MSS-criteria [3-7] as well as their enhancements by HABOUSSA et al. [8] or
rather CHAO and LIU [9], the 1’-criteria called concept by SCHÖLLMANN et al. [10-14]
and the equivalent stress intensity factor by RICHARD et al. [12-17].
For the investigations a FE-model of the SEN-specimen is created in ABAQUS, which
contains a plane initial crack with a straight crack front with a = 4 mm. Furthermore, a
superimposed loading at R = 0 with Fmax = 30 kN and MT,max = 224 Nm is applied. On the
basis of these conditions the calculated kinking angles for each concept are shown in Table
3.
Table 3. Kinking angles 0 in degrees depending on the position on the crack front [18].
z in
mm

MTS

MTS
HABOUSSA et al.

RICHARD
(2D)

MSS

MSS
HABOUSSA et al.

MSS
CHAO,
LIU

SCHÖLLMANN
σ1‘

RICHARD
(3D)

1,0
5,0
9,0

−56,42
0,01
56,43

−56,42
0,01
56,43

−60,81
0,01
60,82

12,63
±70,50
−12,63

42,82
−70,68
−42,81

8,23
−28,47
−13,77

−54,60
0,00
54,60

−47,51
0,00
47,51

The results for both MTS-criteria as well as the concepts of SCHÖLLMANN et al. and
RICHARD et al. only show slight deviations, whereas the data from the different MSScriteria vary noticeable. On the one hand, the kinking angles at the specimen surface
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calculated by the MSS-criteria based on HABOUSSA fit the results of the MTS-criteria,
SCHÖLLMANN et al. and RICHARD et al., but have opposite signs. On the other hand, the
angles of the common MSS-criteria and of the concepts of CHAO and LIU are significantly
smaller. Additionally, those three criteria have completely different values in the middle of
the specimen. A reason for that is given by a different weighting of the normal and shear
load as a result of the criteria approach.
Among the analysed criteria merely the concepts of SCHÖLLMANN et al. and
RICHARD et al. (3D) consider all three crack modes and give formulas for the twisting
angle simultaneously. For the following investigation the 1’-criteria is of main interest. In
this, a crack growth in two steps each of a = 3 mm is modelled manually with major
simplifications. Both new crack fronts are then evaluated with regard to the kinking and the
twisting angles. The numerical result is shown in Fig. 8a compared with the crack surface
of the appropriate experiment in Fig. 8b.
a)

b)

y z

y

x

z

y
x

Fig. 8.

Comparison of the results concerning the crack propagation from [18]
a) the FE-model and
b) the experiment.

The comparison clearly reveals a good agreement of the kinking angles in the beginning.
This also applies for the crack path of the twisting angle along the specimen depth, even if
it only follows by the linear connection of the crack tip nodes on the specimen surfaces.
However, the one-sided change of direction of the kinking angle cannot be reproduced by
the criteria. Further investigations on appropriate simulations following fewer assumptions
as well as including the very important contact of the flanks of the crack are in progress to
confirm and extend the present results.
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5 Conclusion and outlook
A better understanding regarding the phenomenon of the fatigue crack growth concerning
all three crack modes is essential. Therefore, appropriate fracture mechanical investigations
were implemented to obtain further basic knowledge. The experimental und numerical
results can be summarised as follows:
a) Tests under different torsional loading conditions were performed for reference
purposes.
b) Numerous experiments under superimposed tension-compression and torsional
loading at R = -1, different phase shift angles  and mixed mode ratios N/N have
shown that there is a significant influence on the kinking and twisting angles as well
as on the crack growth rate and residual lifetime.
c) Further, the friction effects are of great importance.
d) Numerical investigations on the crack growth under mixed mode conditions were
carried out on the basis of selected existing criteria and have shown that the
reproduction of the experiments is merely possible subjected to restrictions.
In the course of the investigations, further tests will be implemented for the verification
of additional influences as well as for statistical reasons. Moreover, a precise measurement
of the crack surfaces is planned. Finally, further verifications, validations and – if
applicable – adjustments of the existing concepts are in progress.
The authors gratefully acknowledge the financial support of this research project SA 960/9-1
provided by the German Research Foundation (DFG) in Bonn, Germany.
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