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TORSIONAL LOW CYCLE FATIGUE OF DIFFERENT STEELS

G. KOMPEK, K.L. MAURER

Crack initiation and crack propagation were studied
in twist-controlled torsional low cycle fatique
tests. At the two low carbon steels investigated
fatigue bands were formed in the two directions of
maximum shear stresses in the first fatigue stage.
First microcracks appear at these bands later on.In
contrast to this, nonmetallic inclusions were nuc-
leation sites for-the crack initiation in the quen-
ched and tempered steel. A comparison of the three
steels investigated showed that crack propagation
rate was highest in the quenched and tempered steel,
whereas it was slowest in the low carbon steel with
0,12% C. There was no difference in the fracture
mode between crack initiation and propagation.

INTRODUCTION

In recent studies in the field of fatique of materials the
push-pull-loading (Mode I) has dominated almost exclusively.
Investigations about the torsional fatigue behaviour (Mode II1),
however, hardly exist. Only in the last 5 years a few studies
were published dealing with torsional fatigue,primarily dealing
with the crack propagation behaviour (1-5). Investigating a
quenched and tempered steel Ritchie et al. (7) developed a
micromechanical model for fatigue crack propagation at Mode III
loading. According to this model fatigue crack initiation and
propagation take place in Mode I at low shear stresses
(1/15<0,7) and at higher shear stresses (t/15>0,85) in a com-
bined Mode III + II; the crack in Mode Il starts at inclusions
ahead of the crack tip.

Comparing investigations of Mode III with Mode I crack propa-
gation, comparable loading conditions at Mode III rates are 10
to 50 times slower than at Mode I (3,6). Tschegg (7) explained
this by fracture surfaces in sliding contact. Therefore the
applied load is reduced to a smaller effective load AK111efF at
the crack tip. After elimination of these rubbing influences by
extrapolation to a crack length of c=0 a so called "true" Mode
ITT-crack propagation curve can be obtained lying over the Mode
I-curve (7). Explanations of the varying behaviour of cracks at
crack initiation and propagation in regard to the microstructure
are very incomplete. Therefore here the phenomena of crack
initiation and propagation depending on load and microstruc-
ture were investigated at three different steels.
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MATERIAL AND EXPERIMENTAL PROCEDURE

Fatigue tests were performed in twist control (R=-1)
Schenck-torsion fatique testing machine on smooth and notched
cylindrical Specimens. By an elastic movable grip in longitu-
dional direction tensile stresses were eliminated. Investiga-
tions for crack initiation were performed mainly on smooth
samples (diameter of 15§ mm) and investigations for crack propa-
gation on circumferentia]ly notched samples (notch depth 1 mm,

angle 90°, notch radius =0,05 mm).

Table 1: Composition of the steels

Steel Element (wt.%) ‘_1
No. C S Mn Cr N7 Mo Cu v AT P S H

1(c 2)" 0,0210,13(0,36] - 0,04/ - 0,03} - 0,0080,022/0,017!

2(C 12)+ 0,12(0,17{0,37 0,010,02( - 0,01/0,01]0,030 0,022]0,016¢

3(34CrNiMo6)* 0,32/0,3210,43(1,43 1,46(0,16({0,18] - - 0,020 0,024!

+ normalized at 950°C
* austenitized at 930°c, 0il quenched, tempered at 650°C

The chemical compositions of the three steels selected for this
study are given 1in Table 1. No 1 and 2 are low carbon steels
With different carbon contents, whereas No 3 is a quenched and
tempered steel. Both low carbon steels were normalized at 9509
for half an hour i i
ritic and a ferritic-pearlitic microstructure. The heat-treated
steel was austenitized at 9300C for half an hour followed by
011 quenching and tempering at 6500C for an hour and a quarter
obtaining tempered martensite. The mechanical properties of
these steels are summarized in Table 2.

Table 2: Mechanical properties of the steels
Mechanical Properties SteeT No.

1 2 3
Tensile yield (proof)
strength ReH, Rpo,2 [MPaj 215 199 870
Tensile strength R [MPa] 317 373 970
Elongation . A5 [%? 45 22 16
Reduction of area z [%] 74 66 67
Mean intercept length of
ferrite grains L [um] 6E_J 41 --

After distinct numbers of cycles the crack
by the heat-tinting method. This enables an easier distinction
between'fatigue and final fracture (in liquid nitrogen) to de-
termine ‘the different crack lengths. Because of rubbing frac-
ture surfaces, which is a statistical process, the D.C.electric
potential technique cannot be used for
To omit possible errors, correct crack
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only possible at an applied axial load so that an influence of
Mode I has to be expected. Determinations of da/dN-AK[TI-curves
are difficult due to irregular crack fronts and numerous bran-
ches of cracks in two almost equivalent shear systems. The
plastic zone is often so large that the validity of the frac-
ture-mechanics is not given.

RESULTS

The investigations are confined to low cycles fatigue.
cycle fatigue behaviour is described by the Manson-Coffin law,

Generally fatigue cracks nucleate at areas with high slip con-

centrations. If the permanent irreversible plastic deformations
exceed a distinct critical value, microcracks appear,

Crack initiation
Azt Lidtion

Comparing the low carbon steels with the quenched and
tempered steel different surface morphology until the first
microcracks appear is observable, At steels 1 and 2 fatigue
bands were formed, in Fig.la for steel 1 and in Fig.1b for
steel 2. Those fatigue bands are normally orientated along the
i i shear stresses, which are the direc-
perpendicular to the torque axis at tor-
sional loading (8). This was valid for al] lToading conditions
in high and low cycle fatigue. Firstly fatigue bands were formed
within grains on slip planes favourably orientated in the direc-
i i stresses.After further cycles in
the other surface qrains slipping occured.Many of the less ideal-
i more suitable position to both
maximum shear stresses and a typical texture
arises at the surface (9).

In those fatigue bands very distinct extrusions can often be
seen (Fig. 1).These first growing microcracks join together to
a crack network at the surface of steel 1. Longitudinal cracks
were created at steel 2 rather than at steel 1 (this is caused
by the longitudinal orientation of the pearlite colonies in the
samples). Microcracks were also formed in samples, loaded in
the fatigue strength region, but these microcracks were not
able to grow (see Fig.2). Nonmetallic inclusions had no influ-
ence on the crack initiation. They only decohered from the
matrix during the fatigue process., They were obviously not so
effective as stressg raisers. In the ferritic-pearlitic steel
(steel 2) pearlite did not take part in the deformation pro-
cess at the surface. In most cases the cracks stop at the
pearlite-ferrijt boundaries or branch (see Fig.1b). Fig.3 shows
a transverse micro-section of a fatigued specimen,where toothed
grain boundaries indicate slip processes within grains below
the surface. The cracks grow extensively in a transcrystalline
manner and the few precipipated cementite plates at the grain
boundaries have no influence on the crack qrowth

behaviour. Strain hardening and softening processes investiga-
ted at this stage in dependence of the cyclic-loading ampli-
tude will be discussed in another paper (10).

Contrary to the low carbon steels the
red steel had a different behaviour at the beginning of the
cycling. Obviously the nonmetallic inclusions in this steel
have a“strong inf uence as stress raisers (see Fig.4). First,
nonmetallic inclusions decohere from the matrix often pro-
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ducing cracks being able to grow.

Crack propagation

The three steels investigated show distinct differences in
the crack growth behaviour. In order to get comparable condit-
tions, the plastic shear strain amplitude has been kept constant
over the whole range of investigated crack propagation. Due to
the notch the whole strain is being localized in the naotch area
and the plastic shear strain range Ay 1 estimated for this area
was Aypl1=4,5%. Fig.5 shows that crackg in the quenched and tem-
pered steel are growing faster than in the two low carbon steels.
Especially steel 2 with the higher pearlite content shows a sig-
nificant retardation of crack growth after crack propagation of
about 0,8 mm. Typical macroscopic fractographs are shown in
Fig.6. The dark area represents the oxydized fatigue crack sur-
face marked by the heat-tinting method and the lTight area the
final impact fracture at Tiquid nitrogen temperature. In all
cases a more or less extended concentric rim of a flat fracture
mode appeared. The extension of the rim zone at the same number
of cycles depends on the strain amplitude, the mechanical pro-
perties of the material and the microstructure. There is no
change in the macroscopic fracture appearance till the final
fracture in the low carbon steel 1 occurs (Fig.7). The whole
fracture surface shows rubbing marks on the horizontal parts of
the steps. No typical striations of fatigue, known from Mode I
tensile load are visible. This appearance is nearly the same at
all applied plastic shear strain amplitudes over the whole frac-
ture surfaces.

There are only few differences of the fracture surface
appearance of steel 1 and 2 at the same loading conditions at the
beginning of crack propagation. The scanning micrograph (Fig.8)
shows somewhat higher steps compared to Fig.7. The surface is
destroyed by heavy rubbing marks as in the 1ow carbon steel 1.
Only at very few areas lying on lower planes faint traces of
striations are visible similar to the generally known pattern
produced in Mode I load. The distances of these striations
(about 1 um) are comparable to the crack propagation rate but
it is not evidence enough to associate these striations with
Mode III + II propagation. In the case of an inclination of the
crack surface Mode I crack propagation is possible here. After
a certain number of cycles depending on the applied amplitude
the fracture surface becomes lamellar like blockies (Fig.8).
This appearance is also shown in the macrograph (Fig.6b). Cracks
are running radial and tangential Tying nearly normal to the
crack surface subdividing the structure in geometrical compo-
nents. This blocky structure becomes larger the further the
crack propagation proceedes. After heat-tinting and final im-
pact fracture in liquid nitrogen this steel shows cracks normal
to the crack front running on in front of the proper crack front
into the final cleavage fracture (Fig.9). These cracks are not
caused by the impact because they exhibit the dark colour of
the heat tinting procedure. A micrograph of a cross section
normal to these cracks shows below the electrolytical Ni deposit
the geometrical blocky structure (Fig. 10). The cracks are lying
in the ferrite parallel to the rolling texture and normal to the
main crack front. Very often transverse cracks subdivide the
cracked Tamellas into seperated components. The whole structure
Tooks desintegrated.
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In the quenched and tempered steel 3 the fracture surface
low carbon steels. Macroscopically
cracks to a lower extent.
In other tests (in steel 3), where the shear strain amplitude
was not kept constant, a change of a firstly macroscopic flat
fracture surface to the so called factory roofs appeared after
some crack propagation (Fig.1l1l). There is some evidence that
this is connected with a change of the crack propagation Mode
(4). The factory roof surfaces are lo-
cated normal to the maximum tensile stress (about 450 to the

~ main crack). Fig.1ll shows the scanning micrograph_with‘radial
~ river pattern in the inclined plane marking the direction of
- crack propagation. Striations typical for Mode I crack propa-

gation in materials with a sufficient plasticity are not deT
tectable. The higher the starting plastic shear strain ampli-
tude was, the later the factory roofs were formed.

“ DISCUSSION

@ The plasfic strains by fatigue loading form cracks after a cer-

tain number of cycles depending on different materials. In all
cases the formation of cracks starts at the surface if there
are no stress raisers beyond the surface.

Crack initiation is additionally promoted if the highest stresses

appear at the surface like in torsional load investigated in this
paper. Surface crystals deform more easily than the crystals
situated below due to the plane state of stress, so that the
gliding per cycle is greater in the surface crystals and the
necessary number of cycles for the crack initiation is smaller

at the surface than inside. A progress in fatique loading re-
sults in a roughening of the surface (11).

It depends on the strength of steels whether nonmet@]]jc
inclusions influence the crack initiation. Contrary to Tipnis )
and Cook (12), who found an influence of inclusions in all their

investigations, we were only able to determine a clear influence

at the surface of the quenched and tempered steel.

The first microcracks are orientated in both directions of maxi-
mum shear stresses. At low stresses (1/tg<0,7) Ritchie et al (3)
also found crack initiation in Mode I at notched specimens from
AIST 4340 steel fatigued in torsion. Normally in smooth speci-
mens the cracks in high strength steels will be only initiated
as tensile stress cracks inclined about 450 to the specimen
axis, if the ultimate tensile strength exceeds Rp>1100 N/mm2.
Furthermore the crack initiation in smooth specimens is irregu-
larly distributed over the circumference at’ the surface of the
specimens. Only some of these cracks will be able to grow and
the consequence of the inward and outward crack propagation

5 will be an irregularly shaped crack with steps. If the cracks

5%

are created as shear cracks in the maximum shear directions or
as cracks normal to the maximum tensile stress in the specimen,
there is no fundamental difference in the mode between crack
initiation and crack propagation by alternating torsional
loading. Initiation and propagation mode essentially depends on
the flow stress, the ultimate tensile strength of the material
and secondly on the load conditions and the microstructure. The
cracks join together after a distinct distance of propagation

on the crack plane.
In the case of Tlow carbon steels the cracks start at the
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surface in the two perpendicular shear directions indicating

the blocky fracture surface. In specimens with a circumferentia!
notch, crack initiation is caused by the stress intensity of the
notch and is therefore restricted to the small area at the noten
tip with the maximum strain. The stress concentration due to ths
notch causes propagation of only one crack perpendicular to the
torque axis is different to smooth specimens’. Propagation of
fatigue cracks was now governed essentially by deformation pro-
cesses in the plastic.zones in front of the crack tip. The more
the influence of the stress field of the notch diminishes the
more the deformation in the plastic zone will be active. In high
strength steels small alternating stress intensity factors &K
result in small plastic zones being responsible for a factory
roof appearance due to crack propagation normal to the tensile
stress. There are not so many cracks visible normal to the crack
surface in the area with crack advance in Mode IIT + II and at
the crack surface created by Mode I as well, thus indicating the
reduced possibility of shear in this material. and at this stress
condition. Higher amplitudes result in larger plastic zones and
more possibilities of shear mechanisms. Crack advance in Mode 11

and II can occur more easily. After leaving the stress influence :

area of the notch growing cracks can advance mutually at right
angles in the two main shear directions in the two low carbon
steels. Beside the topography effect of the main crack surface
the dissipated crack energy and strain energy of the crack tips
in several crack systems might be a further reason for the redu:
tion of crack propagation rate in comparison to the quenched and
tempered steel.

Obviously in the low carbon steel 2 the main crack propaga-
tion occurs favourably normal to the specimen axis in Mode II!
and II. Tschegg (13) suggested that in low carbon steels with 4
ferrite-pearlite structure a superimposed static load Mode I to
the alternating torsion is responsible for a lTamellar fracture
appearance on the crack surface. There is some evidence now that
in Tow carbon steels with a ferrite-pearlite structure the rol-
ling texture causes an extensive crack growth in shear direction
lying perpendicular to the shear direction of the main crack.
Different cross sections parallel to the specimen axis clearly
showed the desintegration of the structure like bonds in a smal!
masonry (Fig. 10). The size of the blockies in the cross direc-
tions corresponds to the distance of the pearlite rows. Cross
sections in front of the crack front display fatigue cracks run-
ning on in front of the main crack front and lying perpendicular
to the main crack. Apparently the pearlite lines act as obstacle

R
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for gliding motions in order to prevent a privilege fatigue crac:
propagation in the shear directions perpendicular to the specimes

axis. This suggestion is even more evident, because in smooth -
cimens with ferrite-pearlite lines crack initiation and propaga
tion arise preferable parallel to the specimen axis.

Propagation of fatique cracks was governed essentially by
deformation processes in the plastic zones in front of the crack
tips. Difficulties arise at investigations of crack growth rates
by alternating torsional lToading. A1l attempts go gain a true
da/dN-4K1p1-dependence did not work, because it is nearly im-
possible to eliminate the influence of the rubbing surface,with
out changing the mode characteristics (6). Attempts of Tschegqg
(13), who took the relatively large plastic zone with
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the plastic strain intensity concept into account, give a first
information about the crack growth behaviour. By extrapolation
of the crack propagation rate to a crack length of c=0, he was
able to get the crack growth rate without the influence of the
rubbing crack surface. In our investigations the size of plastic
zones is very large, especially in the low strength low carbon
steels. A method for estimating the true size of the plastic
zone by torsional loading very roughly is the recrystallisation
method (14,15). But this method does not work in materials with
more than one phase (ferrite-pearlite and quenched and tempered
structures). Furthermore it would be necessary to consider work
softening and work hardening in the plastic zone. In consequen-
ce of this uncertainties we restricted our investigations of
crack growth keeping the plastic shear strain range constant.
The size of the plastic zone should be more or less constant
during crack propagation. The effective AKI11 becomes smaller
during crack propagation according to the increase of friction
and the cracks can be stopped. Fig.5 shows that as long as no
factory roofs appear on the fracture surface of the quenched

and tempered steel the crack propagation rate is highest due to
a relatively smooth crack surface. The quantity of radial cracks
in the perpendicular shear system is not as high as in the low
carbon steels. The break in the curve of the steel with ferrite-
pearlite structure is due to the increasing blocky surface struc-
ture. Therefore the main difference in crack propagation rate
can only be seen in regard to the whole topography of the crack
surface.

CONCLUSION

Crack initiation and crack propagation have been studied at two
low carbon steels (with 0,02 and 0,12% carbon) and at one quen-
ched and tempered steel (34CrNiMo6) in twist-controlled torsio-
nal low cycle fatigue tests.

In the first fatigue stage the two low carbon steels form fati-
gue bands in the two directions of maximum shear stresses. First
microcracks were created at this bands. In contrast to these
steels nonmetallic inclusions at the quenched and tempered steel
have an effect on crack initiation as stress concentrators. A
comparison of the three steels investigated shows that the crack
propagation rate was highest in the quenched and tempered steel
whereas it was lowest in the low carbon steel with 0,12% carbon.,

In smooth specimens there is no difference in the fracture
mode between fatigue crack initiation and propagation. Firstly
depending on the strength of materials cracks nucleate and grow
in shear bands (Mode IIT + II) or in a tensile mode (Mode I).
Plastic strain amplitude and microstructure can influence the
crack behaviour. For instance in high strength steels a small
plastic zone favours a tensile crack Mode I. In low carbon
steels pearlite rows favour shear band crack initiation and pro-
pagation parallel to the rows. In circumferential notched spe-
cimens the stress field of the notch influences the crack ini-
tiation and the first crack propagation. The further crack ad-
vance followed the same principles as in the smooth specimens.
The crack propagation rate is mainly influenced by the topo-
gra?hy and energy dissipating processes on the rugbing crack
surfaces.
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Fig.l Fatigue bands with extrusions and microcracks
in low carbon steels y
a) Steel 1 (0,02 % carbon) b} Steel 2 (0,12 % carbon)
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ig.3 Transverse micro-section of
fatigued specimen (steel 1; the
urface is nickel-plated)

Fig.2 Fatigue bands and micro-
cracks in steel 2 tested below
the fatigue limit
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Fig.b Macroscopic fracture surfaces

B Fig. 7 Rubbing marks on fatigue
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a) Steel 1 b) Steel 2
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Fig.9 Cracks ahead of the main
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Fig.8 Fatigue fracture (arrows)
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Fig.11

"Factory roof" fracture
surface in quenched and tempered
steel 3

Fig.10 Longitudinal micro-section
{Ni-plated) of tne fatigued speci-
men in low carbon steel 2



