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ABSTRACT

Mode I dominated fatigue crack growth has been studied under non-proportional biaxial stress
state. In a notched thin-wall tubular specimen, fatigue crack has been initiated by axial loading,
which then propagated along the circumference. At that stage sliding force was introduced by
applying static or low frequency torque. As a result the crack growth rate declined and within a
transition period the degree of retardation showed a strong dependence on the axial load ratio
and the type of torque applied. Macro crack path deviation was observed following the
application of static sliding force which amounted to more than 10°. Fatigue crack propagation
direction, as predicted by criteria derived from proportional loading conditions, fails to account
for this observation. On the other hand, with the application of low frequency torque no macro
path crack deviation was observed in the current tests.

KEYWORDS: biaxial fatigue, crack propagation, growth rate retardation, crack path
deviation.

INTRODUCTION

Most service fatigue failures involve multiaxial loading, where the fracture mechanics
approach is not, as yet, as successful as expected on the basis of work carried out by Paris,
Gomez and Anderson (1961) and Paris and Erdogan (1963). The concept of AK-dependency in
multiaxial fatigue crack growth (FCG) studies is questioned in the literature as shown by
Kitagawa et al (1985). Although biaxial / multiaxial fatigue crack growth studies are
increasing in number, there are only limited number of studies on non-proportional
biaxial/multiaxial fatigue crack growth as shown by Pei et al (1989) and Brown et al(1994).

The main difference between non-proportional and proportional fatigue relates to the co-
ordination of loading on the different axes and changing of the direction of principal axes may
lead to gross errors when the multiaxial fatigue fracture criteria, as derived from proportional
loading condition, is applied (Macha, 1989).
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In the present work an attempt is made to contribute towards a better understanding of the
differences between proportional and non-proportional loading response. Fatigue crack growth
studies in notched thin-wall tubular specimens subjected to non-proportional torque and axial
loading have been carried out and the results are discussed below.

SPECIMENS AND MATERIAL

Contrary to proportional FCG studies, two or more separate load sources are needed to achieve
non-proportional tests. They can be either tension-compression like in the cruciform test
specimen (Brown and Miller, 1985), or tension-compression with the application of torque like
in thick center-cracked plate specimen tests (Otsuka, 1980) and notched thin-wall tubular test
specimen (Yokobori et al, 1985, 1986, 1990).

In the present work, notched thin-walled tubular specimens were used along the lines of Ewing
and Williams (1974) who first introduced notched tubular specimen in order to produce data
on fracture characteristics. Unlike Yokobori et al (1985, 1986, 1990) who adopted small size
tubes with 14 mm outer diameter and 1.5 mm thickness, 57.5 mm outer diameter and 1.5 mm
thickness tubes were used in the present study. The large diameter-to-thickness ratio of 38
helps to eliminate the effect of uneven through-thickness distribution of shear stresses that
may otherwise occur in tubes with small diameter-to-thickness ratio.

Specimen details are shown in Fig. 1 together with the notch dimensions. The tolerance
between plugs and tube was filled with Araldite epoxy adhesive. Theoretical analysis and
strain gauge measurement showed that no additional stresses were introduced by the limited
tolerance. A 60.3 mm x 3.9 mm seamless carbon steel pipe, manufactured according to ASTM
standard A106-93 Grade B, was used in the as-received condition. Its metallurgical micro-
structure is shown in Fig. 2 and its chemical composition and mechanical properties, as
provided by the certificate, is listed in Table 1 and 2 respectively.
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Fig. | (a) [llustration of the specimen; (b) detail of crack starter notch.

The single sided crack starter notch was prepared by drilling and electric discharge machining
located at the mid-length of the tube. The term “crack length” is defined as the sum of crack
starter notch length and fatigue generated crack length as projected on the circumference. It
was demonstrated by Broek (1982) that the geometrical detail of the hole can be ignored when
the single sided crack length approaches twice the value of the hole diameter. For this reason,
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pre-cracks with 6.3 mm in length were fatigue generated before crack growth data recording
commenced.

Table 1. Chemical Composition
C Si Mn P S
0.190 0240 0.56 0.018 0.008
Cu Cr Ni Mo \
0.050 0.060 0.030 0.010 0.004

Table 2. Mechanical Properties

Proof Tensile Elongation
Strength Strength in 50mm
399 MPa 500 MPa 34.0%
Fig. 2 Metallurgical micro-structures of the
material.
TEST PROCEDURES

The 8503 type electro-hydraulic Instron Biaxial machine with £250 KN linear and +2000 _N-m
rotary axis capacity was used for the tests. Strain gauges were used to check spec1moen
alignment and no results are reported for cases where the bending stresses were larger than 5%.

Tests were carried out at room temperature under constant load amplitudes and closed .loop
control, starting with axial loading for fatigue crack initiation and propagation. The operational
axial load range definition is in accordance with ASTM Standard E647-88a (1990): AP = Pac
- Pin for R>0and AP = Py, for R <0, where R is defined as the ratio of Py t0 Prax- _ln all
the tests 10 Hz sinusoidal axial cyclic loading was applied with a constant 26.4 KN amplitude,
however for the various tests the load ratio varied as 0.2, 0.0 and -0.2. Sliding forcc.es were
introduced by torque as: 0.0 to 360.0 N-m at 0.01 Hz when one sided sinusoidal pulsing was
applied or at 360.0 N-m when torque was staticly applied.

The 26.4 KN axial load and 360 N-m torque are respectively equivalent to 100 MPa tensile
stress and 50 MPa as against the transverse cross section of an integral tube.

Pre-cracking - till approximately 6.3 mm crack length - commenced with the application of
100 MPa cyclic loading. The same cyclic tensile amplitude was maintained throughout. the
mixed mode cycling, and indeed for all of the tests. Crack gauges combined with visual
observation were used for the crack growth rate determination which commenced only after
the pre-cracking limit was reached.

As only one sided fatigue crack growth was studied, the possibility of crack initiation from the
opposite side of the crack starter notch was not ignored and it was found that a second crack
developed opposite on the smooth edge of the hole only at around 15 mm crack length. For
this reason, the data reported in this paper is limited to 11 mm crack length that is for
approximately 5 mm crack extension.
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A total of 10 tests were performed as detailed below,

Test No. 1-2 and 3, T1-T2-T3, were run in Mode I fatigue, 10 Hz and 100 MPa operational
stress range, till the target crack lenght of 11mm was reached. The variation here related
to the R value.

Test No. 4-5 and 6, T4-TS5-T6, were run in the same way as T1-T2-T3 to approximately 8.8
mm crack length when 360.0 N-m static torque was superimposed and axial cycling
continued. The variation here also related to the R value.

Test No. 7-8 and 9, T7-T8-T9, were run similarly to the previous tests when at approximately

8.8 mm crack length a zero to 360.0 N-m sinusoidal torque was introduced with 0.01
Hz frequency.

Test No. 10, T10, was run from the beginning, that is from fatigue generated crack length
equal to zero, at R=0 and cyclic stress of 100 MPa with an applied static torque equal to
360.0 N-m. When the crack length reached approximately 8.8 mm the torque was
reduced to zero and cycling continued.

RESULTS

The graphical presentation of the results are shown in Fig. 3 to Fig. 8 and these will be
introduced one by one with the appropriate comments.
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Fig. 4 Mode I crack propagation as influenced

Fig. 3 Mode I crack propagation by an applied static torque.

Figure 3 demonstrates crack propagation behaviour under Mode I condition. It is clear from
these results that the used R variation, from zero to +0.2, has hardly, if any, effect on the crack
propagation rate. This behaviour is reinforced by the following tests, as shown in Figs. 4 and 6,
where identical cyclic conditions were applied up to approximately 8.8 mm crack lengths and
the three responses were just about equal.

Figure 4 presents the effects of applied static torque. These results show: a) an interim crack
propagation period when the static torque is introduced; b) a long term crack propagation
retardation associated with the torque and c) an R dependence in the changes brought about by
the application of the torque. Note that at R=0 the fatigue performance is better than at R=
-0.2, while not surprisingly the least amount of torque benefit is derived at R=0.2. With the
introduction of torque fatigue crack path deviation took place, from the circumference, to a
direction where tensile normal stress was resulted as resolution of the applied torque. The
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deviated crack paths came out to be parabola-like curves with a large radius as showp ip Fig.
5(a). The largest tangential angles along the curved crack paths were found at the beginning of
crack deviation, which amounted to more than 10°. The reported data were obtained by the use
of a 50 times magnification.
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Fig. 5 Illustration of fatigue crack path deviation: (a) in  Fjg 6 Mode I crack propagation as influenced by
Test T4, TS and T6; (b) in Test T10. applied low frequency torque.

Figure 6 shows, with the introduction of the 0.01Hz frequency torque, that: a) the transition
period is shorter when compared with those observed at constant torque; b) .craf:k growth
retardation is not as great as with constant torque; c) at R=0 and R=-0.2 the application of low
frequency torque leads to, approximately, the same crack retardation benefit and d) the crack
retardation is smallest at R=0.2. In these three tests no crack path deviation was observed when
the cyclic torque was introduced.

To compare the relative benefit obtained by the applied static and low frequepcy torque, F1g 7
becomes useful. Excepting the transition period, the long term FCG retardation shows similar
tendencies when the different R values and different applied torque are compared.
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Fig. 8 Mode I crack propagation as influenced by

Fig. 7 The relative benefit obtained by the nilu
applied static torque from the very beginning.

application of torque.

In test 10 the sliding force was applied from the beginning and from the Fesu]t, as .shown. in
Fig. 8 it is clear that: a) crack propagation retardation takes place while static torque 1s applied
and b) partial recovery of crack growth rate commences when the torque is reduced to zero.

The crack path deviation in this test is illustrated in Fig. 5(b). The first pa}rt, Wit.h static torque
applied, appeared nearly straight and deviated in the direction compatible with the tensile
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normal stresses resolved from the applied torque. The second part, no torque applied, deviated
into the opposite direction with a tendency of blending into a circumference crack path.

DISCUSSIONS

Two major aspects are discussed below relating to crack growth retardation and crack path
deviation. .

Crack Growth Retardation

Crack growth retardation behaviour within the transition period is relevant to crack closure.
With the application of torque, significant Mode II deformation operates at the crack tips and
therefore premature crack surface contact emerges between the asperities. As the tensile
component is responsible for relieving some of the closure caused by sliding forces (Tong et
al, 1995), it is not surprising to observe the strong retardation dependence on the R values.
Accordingly, least retardation was cbserved in tests where R equals to 0.2. This reasoning does
not apply with test T6 (R=-0.2) which exhibited less retardation than test T5 (R=0). The
exception can be rationalized by crack path deviation. Once crack path deviation commenced
the contributing tensile stresses, as resolved from the torque, lead to a faster crack growth. This
explanation is strengthened by the results obtained with the introduction of low frequency
torque as similar retardation behaviour took place with T8 (R=0) and T9 (R=-0.2), when no
macro crack path deviation occurred.

Crack closure as mentioned above is very similar to the so-called roughness-induced crack
closure, which was primarily introduced to explain crack growth behaviour in the near-
threshold regime (Suresh and Ritchie, 1982). In the case of near-threshold crack propagation
crack closure develops even under remote Mode 1 condition because of the irreversible Mode
11 shear deformation along single slip planes (Minakawa and McEvily, 1981). In the current
tests, however, which were carried out in Paris regime, crack closure is expected only when
mode II deformation is introduced by sliding force.

Since crack closure promoted by Mode II deformation is associated with interference between
crack surface asperities, change in the degree of crack growth retardation is expected. This is
in line with the observed crack growth retardation which shows a gradual reduction with crack
length extension within the transition period. This type of fatigue growth characteristics under
mix-mode condition has been also described by Suresh (1992).

Crack growth retardation beyond the transition period appeared to be insensitive to the
variation of R values. This phenomenon suggests that there must be other mechanism besides
the crack closure accounting for long term retardation. More studies are needed to clarify this
mechanism.

Fatigue test results under static torque and cycling axial loading were also reported by
Yokobori ef al (1990), indicating that the static torque had no effect on the crack propagation
rate. This maybe explained by the differences in the used torque values. In the present tests
nominally 50 MPa shear stress was combined with the axial stress range of 100 MPa, while in

Yokobori’s test 7.806 MPa shear stress was superimposed on the axial cyclic stress range of
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121.6 MPa. This therefore is in full agreement with the reasoning expressed above. A certain
level of sliding component is needed to affect the crack closure.

(rack Path Deviation

Several criteria have been proposed to account for crack path deviation under
hiaxial/multiaxial stress state, such as maximum tangential stress criterion (Erdogan and Sih,
1963), minimun strain energy density criterion (Sih, 1974) and maximum energy release
criterion (Hussain ef al, 1973). These models were proposed primarily for fracture crack path
prediction. When they were extended to fatigue crack propagation cases, range of stress values
or energy values are substituted in the criteria. Under proportional biaxial stress state, it was
found that normally these approaches lead to similar results.

Muxirpum tangential stress range (Acg) criterion suggests crack propagation along the
direction as predicted by the following equation,
0Ac, 0’Ac
=0, 5 <0
0 00’ 0
where 0 is direction angle from pre-crack and the tangential stress range, Acy, is given as,

1
2/2mr

In tests T4 and TS, because AK;, equals zero, no path deviation is predicted by this criteria.

Acy =

0
COSE[AK, (1+cos0) — 3AK,, sin6)] @)

Minimum strain energy density range (AS) criterion predicts crack propagation direction by
the following formulae,

5

O0AS 0 O°AS 50

i Y 3)
\shgrc the strain energy density range AS is the difference between maximum and minimum
strain energy. For the present tests AS can be expressed as,

AS = ZAKl[aIIKlmean +a,K ] (4a)
for T4 and T5 whereas for T10,
AS = ZAKIKImem[a” + 2a,21 + azztz] (4b)

u’.—h‘crc t eql.xals to Ky/K; _and coefficients a,;, a;, and a,, are functions of the shear modulus,
Poisson ratio and direction angle. Their detailed expression has been published by Sih (1974).

According to eq. (4a), minimum AS criterion suggests crack path deviation following the
superposition of static torque to axial cycling.

luble 3. Comparison of Crack Path Deviation ( N= Ky / Kimax )

Test Current Test maximum A, minimum AS maximum Acy minimum AS
: Results (n=0.0) (n=0) (m=0.15) (mn=0.8)
T4 -12.5° 0.0° -22.1° — -18.3°

TS -11.5° 0.0° -25.0° -11:5" -20.5°

T10 16.5° 11.4° 11.2° — —=

: A comparison of crack path deviation between the experimental results and those predicted by
~ maximum Aoy criterion and minimum AS criterion is given in Table 3. It is shown for test T4
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and T5 that predictions by maximum Aoy criterion and minimum AS criterion are: firstly
different from each other and secondly neither of them is close to the experimental results. In
test T10, two criteria led to similar predictions, but these still exhibited some, although
smaller, differences when compared with the test results.

It was postulated by Suresh (1992) that “because of crack face contact in mixed Modes I and
11, the nominal use of any of the foregoing failure criteria is not likely to provide perfect
agreement with experimental observations.” However, with the consideration of crack closure
in the current tests the disagreement between predictions and test results is still not eliminated.
With minimum AS criterion, higher K, value leads to better prediction. But as shown in Table
3, the predictions are still quite different from the test results even if the crack closure Kj is
taken as high as 80% of Kjpa,. As with the maximum Aoy criterion, a good prediction is
achieved in T5 if K, is taken as 15% of K. However, the best prediction achieved in T4 is
-18.9°, which shows certain difference from the test result of -12.5°. It is thus clear that the
nominal use of a criteria is at least not the only cause responsible for its poor prediction.
Instead, the disagreement between predicted and experimental crack path deviation suggests
that fatigue criteria derived from proportional loading condition are not applicable to non-
proportional situation.

Hourlier et al (1985) has also realized that the proportional fatigue criteria is not applicable
and thus a maximum crack propagation speed model was proposed to predict crack banching
direction. However, Hourlier ef al’s model was based on the assumption that sliding force has
no effect on crack propagation speed, which is in contrast with the current observations.

CONCLUSIONS

In the current studies, notched thin-walled tube specimens were used to study the effect of
sliding forces on Mode 1 dominated fatigue crack growth. It was found that,

1) The introduction of static or low frequency sliding forces, in the form of torque, results in
the retardation of Mode I dominated fatigue crack propagation.

2) The retardation consists of two phases the first of which is a transient period large in
magnitude but it is soon to be overtaken with a steady state crack propagation.

3) The degree of retardation in the transition period is strongly dependent on the R value and
on the sliding force style.

4) The retardation behaviour within transition period is relevant to crack closure.

5) More than 10° macro crack path deviation is observed when a static sliding force is
superimposed on the Mode I condition. However, no macro path deviation is observed with
the application of low frequency torque.

6) Fatigue criteria derived from proportional loading conditions are not applicable to non-
proportional loading conditions.
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