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lengths. At negative R-ratios, the influence of
static mode II loading is more pronounced than at
positive values. Enhanced crack growth rates are ob-
served at negative and low positive R-ratios with
crack lengths up to a defined value. This effect is
mainly attributed to a reduction of fracture surface

allowing an increase of the crack tip stress inten-
sity by the mode II-shear component. For high
R-ratios, long and short cracks grow slower than
under pure mode I fatigue loading due to crack
closure phenomena.

INTRODUCTION

In order to accurately predict the fatigue life of structure and
machine parts which are subjected to low-amplitude, high frequency
loading, it is essential to consider the near-threshold crack
growth rate behavior in structural materials. Therefore this topic
has received considerable attention (1). It is now recognized that
near-threshold fatigue crack growth may be influenced by many
sources like microstructural parameters, environmental effects
etc. (2). All this knowledge originates from investigations which

However, pre-cracked components are rather stressed in a combined
mode (mode 1 + mode 2 or mode 3) than in pure mode 1. Some ex-
perience has been obtained on the fatigue crack growth behavior
under combined loading conditions in the Paris regime ((3)and
further literature cited there). But only few works exist on the
influence of a combined load on the near-threshold fatigue crack
growth behaviour(4-9), in spite of its great technical importance.
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It is the aim of this work to present studies on the influ-
ence of a static mode 2 load on mode 1-near-threshold fatigue
crack growth in a structural steel used for steam-turbines
(AISI 420, X20 Cr13) at differert R-ratios.

EXPERIMENTAL PROCEDURE

Testing equipment

Near-threshold fatigue crack growth studies are very time-
consuming due to long measuring times with high numbers of cycles.
Therefore, the time and energy-saving ultrasonic fatigue method
(loading frequency is 20 kHz) (10, 11) has been used for this
work. Until recently it was not possible to perform combined
loading tests with an ultrasound machine. Now, the fracture
mechanics device (10) has been improved so that

- mean loads (tension or compression)
- conventional frequency loads
- and a constant torque load
may be superimposed to the high-frequency load of a specimen.

The principle of the machine is explained in detail in (12)
and shortly described in the following.

A piezoelectric or magnetostrictive ultrasonic transducer
is mounted to the crosshead of a conventional hydraulic machine
with the upper coupling-piece. The specimen is attached to the
other side of this coupling piece. The second end of the specimen
is fixed to a lower coupling piece. These four parts are di-
mensioned such that they vibrate in resonance with the 20 kHz
ultrasound. Nodal point of vibration and maximum of strain and
stress are located in the center of specimen and coupling pieces.
Via a disc which is fixed to the lower coupling piece a constant
torque may be applied. Load cell and actuator are fixed to the
lower end of the coupling piece. The actuator has a floating
piston and therefore may be rotated during tension or compression
loading with no mentionable friction. Thus, different kinds of
load may be applied independently.

The machine is controlled by a computer, which supplies selected
values for the loads generated by the ultrasound and the hydraulic
machine. The actually performed ultrasonic displacement ampli-
tudes are measured by an electrodynamic gauge and the static

or conventional-frequency tension and compression loads are
detected with the load cell. All these measured values may be
stored and evaluated by the computer. The accuracy of load and
strain control is at least equal to 1%.

Specimen shape

In order to superimpose a mode II to a mode I load tubular
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specimens with a radial crack may be used which are stressed in
tension and compression axially and in mode II by a torsion load.
This is shown in Fig.1 schematically. Fatigue crack growth
studies were performed on steel (8) and mixed mode fracture
studies on ceramics (13) with this specimen shape. In both cases
radial narrow slots served as starter notches. However, this sort
of starter notch suffers the following drawbacks for fatigue
crack growth studies:
- Both notch tips (or both crack tips after crack initiation)
must be observed during fatigue loading which brings
about more instrumental and experimental costs.
- Machining of such notches usually needs special tools
and much time.

These shortcomings are reduced if the starter notch is
produced as a one-sided notched hole. Machining 1is easier and
a fatigue crack originates and grows only from the one notched
part of the hole. Specimen and starter-notch shape are shown
in Fig.2.

Testing Material

The material employed in this investigation was 13% Chromium
steel (Ferritic X20 Cr13 steel: in wt%:0.19 C, 0.42 Si, 0.39 Mn,
0.028 P, 0.005 S, 13 Cr; austenitized at 940°C 1 hour, oil
quenched and tempered for 1 hour at 650°C) with following
mechanical properties:

RpO 2= 550 MPa, Rm = 870 MPa

Stress intensity factor calculation

Stress intensity factors K. and KII were calculated according
to Erdogan and Ratwani (14, 15)lwith

KI = o vma Y
KII =1 yma Y

(0 = tensile stress, t= shear stress, a = crack length including
notch depth, Y = geometry factor). The. geometry factor was
determined according to Tada et al. (16) with a fitted polynomial
function. The starter-notch shape influence was taken into
account according to the procedure of Schijve (16). In the follo-
wing, ¢ stands for the crack length without notch depth, d,

i.e. a = ¢ + d. Ultrasonic loading was of push-pull type (R = -1)
as long as no static mode I load was superimposed.
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The AKI or KmaX values for cyclic loading were obtained as:
Kmax = (AKI/Z) = OC/FE Y

where o. is determined according to

mE
0. = A7

with E = Young's modulus, A = displacement amplitude,

1 = resonance length of specimen and 7 = factor, which takes
into account the changing specimen compliance due to crack
extension.

It is pointed out that tubular specimens of course are
likewise appropriate to perform mode I crack growth studies
without superimposed mode I1I load. Thus it is possible to compare
mode I and mode I + superimposed mode II experiments directly
with the same specimen. For superposition of mode III loads
cylindrical bars instead of tubular specimens are used which are
likewise appropriate for pure mode I tests. Another advantage of
using round or cylindrical specimens is that it is sometimes
easier to machine these shapes than rectangular ones.

RESULTS AND DISCUSSION

Fig.3 shows the influence of R-ratio and crack length on mode I
fatigue crack growth with a static mode II load superimposed.

The AK. values were chosen such that identical crack growth
rates resul%ed for all four tested R-ratios (R=-1, -0.5, 0,
+0.5) as long as no mode II load was superimposed. Following
nominal AKI and Kmax - values (in MPa,m) were used:

for R = -1 : AKI =12, Kmax =6
R = -0.5: AKI = 9.8, Kmax = 6.5
R=0 AKI =7 , Kmax =7
R = +0.5: AKI =4.7, Kmax = 9.4

-{pe resulting mode I fatigue crack growth rate was
7.10° “m/cycle for all four R-ratios. It is characterized by the
dash-dotted horizontal line in Fig.3. The constant crack growth
rate shows that the effective AK. value (nominated AKIeff in
Fig.3) was identical for all fou; R-ratios.

For the experiments with superimposed mode II loads, the
same above-mentioned constant nominal AKI and KmaX values were

1126



FAILURE ANALYSIS - THEORY AND PRACTICE - ECF7

chosen in order to have identical initial testing conditions.
KII was kept constant during the tests; i.e. KII was 12 MPa,m.

The resulting crack growth rates in Fig.3 show that for a
relatively short *) crack of 0.5 mm, higher crack growth rates
than without superimposed mode II load result for all tested
R-ratios except for R = +0.5. Approximately the same is found for
a crack with a length of ¢ = 2 mm, however, the point of inter-
section of the KII = 0 with the KIT = 12 MPa/m curve is at
approximately R 2%+0.3 instead of ‘R ~0.5. This shows that crack
growth is retarded at R-ratios higher than +0.3 when a static
mode II load is superimposed.

At a crack length of 3.5 mm or longer (5 mm), reduced crack
growth rates are found for all R-ratios between -1 and +0.5.

Fig.3 shows in addition that the crack growth rate for com-
bined loading is varying much more for negative than for positive
R-ratios which points to a pronounced influence of compressive
components.

The results of Fig.3 demonstrate that superposition of
static mode II to cyclic mode 1 loading causes increased
crack growth rates for relatively short cracks at low and
negative stress ratios and r e duced crack growth rates for
long cracks in all loading conditions.

These results may be explained by the assumption of two
opposing mechanisms. First, superposition of mode II loading
obviously increases the resulting effective stress intensity by
generating a higher crack tip displacement, thus accelerating
crack advance. With increasing crack length however, this effect
is opposed by another mechanism which is sliding fracture surface
interference. As the fracture surface area increases with
growing crack, friction and mutual support of the fracture surface
asperities increase likewise, thus decreasing the effective stress
intensity value at the crack tip:

At first sight one might expect that high positive R-ratios
(tensile loads) reduce the effect of sliding fracture surface
interference and therefore favour increased crack growth rates
under superimposed mode I1I loads rather than low or negative
R-ratios. However, the opposite is shown in Fig.3. To interpret
this result, it is assumed that the applied static tensile load
obviously was not high enough in our tests to open the crack
sufficiently, so that the sliding fracture surface interference
is completely removed (slightly reduced crack growth rates for

*) For the purposes of this work "relatively short" cracks are
longer than "short" cracks in the usual sense; i.e. they are
long enough to allow the concepts of LEFM to characterize
their growth behaviour.
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Under mode I loading at R = 0, only limited compressive
stresses are built up by surface asperities; compressive stresses
are smaller than at R = -1; therefore, a constant lower crack
growth rate is obtained for shorter crack lengths at R = 0
than at R = -1,

A case which occurs in practice quite often is shown in
Fig.4. The nominal AK, values were kept constant (AKI = 7 MPay/m)
instead of the initiafAl( £ in the experiments with nomR—r‘atios
of -1, -0.5, 0 and +0.5. {ﬁ gddition, KIIwas kept constant at
12 MPavm.

The reference line for K L= 0 is characterized by a dash-
dotted line in Fig.4. It showg that higher crack growth rates
result for higher mean loads than for low and zero mean loads,
with a constant nominal AKI of 7 MPa/m and KII = 0 as parameter.

If a static mode II load (KI = 12 MPav/m) is superimposed,
slower crack growth rates result gt a crack length of 5 mm for
all tested R-ratios. At R-ratios below -0.5 even crack arrest
could bg1Qetected (The threshold crack growth rate is approximate-
ly 5.10 m/cycle, which is shown as shaded area in Fig.4).
However, for a crack of only 0.5 mm length, increased crack growth
rates result at R-ratios between -1 and +0.3. Even crack growth
occurs where the 5 mm long crack has stopped already.

CONCLUSIONS

Superposition of static mode II loads on mode I fatigue loads may
accelerate or retard fatigue crack propagation. What will actually
occur depends on mean load and crack length.

At negative R-ratios, the influence of a superimposed static
mode II load on mode I fatigue crack propagation is more pro-
nounced than at positive R-ratios.

Long cracks (typically longer than 3 mm in this work) are
retarded if a static mode, II load is superimposed at all tested
R-ratios between -1 and +0.5. Up to a defined length (approximately
2 mm in this work) cracks grow faster under superimposed mode II
loads at negative, zero and low positive R-ratios.

For practical purposes, especially the possibility of crack
growth acceleration under superimposed mode II loads should be
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kept in mind. The same is true for cases, where nominally pure
mode I loads are applied, but where shear components become
effective owing to some secondary - usually undefined - mechanisms.
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MODE |

MODE I1

Figure 1 Specimen for high-fre

quency cyclic mode I plus superim-
posed static mode II loading

I~

~r=0,1mm

Figure 2 Tubular specimen with starter not

ch for cyclic mode I
plus superimposed static mode II loading
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Figure 3 Crack length (c) and R-ratio influence on crack growth under constant
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Figure 4 Crack length (c) and R-ratio influence on crack growth under constant

Kry plus constant nominal AKinan
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