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ABSTRACT. This study aims to investigate fatigue growth behaviour in
AA7075-T651 under non-proportional mixed mode I and II loads. Fatigue
tests were performed under cyclic tension and torsion using a thin-walled
tubular specimen with a key-hole style crack starter. After the generation of a
single-side mode I pre-crack, varied forms of mixed mode loads were applied,
which in most cases led to a short distance coplanar growth followed by a
long and stable crack path deviation. It was found that under most of the
non-proportional mixed mode load cases, the direction of the deviated crack
path could not be reasonably predicted using the commonly accepted
maximum tangential stress criterion. Meanwhile, in some cases, the crack path
directions could be approximately predicted using the maximum shear stress
criterion. It was also confirmed for the first time that a long, stable and non-
coplanar shear mode fatigue crack growth could be produced in AA7075-
T651 under non-proportional mixed mode I and II loads. ©2016
Commonwealth of Australia
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INTRODUCTION

and acceptable approach for most fatigue critical locations where the local stress field is predominantly uniaxial

I | atigue of aircraft structures is traditionally managed based on the assumption of uniaxial loads. This is a simplified
due to loading path restrictions. Nevertheless, as evidenced in recent durability analysis of a new type of
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surveillance aircraft, severe multiaxial loads may exist at some of the primary structural locations. Multiaxial fatigue
analysis, including fatigue crack growth (FCG) analysis under non-proportional mixed mode I and II loads, is needed for
these locations.

At present, experimental FCG investigations are predominantly undertaken for mode I or proportional mixed mode
loads. Only a few studies [1-8] focus on non-proportional mixed mode loads. Limited results on A106-93 mild steel [3]
reveal that a long and stable shear mode FCG — which is significantly different from the commonly understood open
mode FCG — could be produced by non-proportional loads. To illustrate this difference, Fig. 1 compares the FCG
behaviour under two load cases: (i) proportional load case TD1, under which, the FCG deviated into a direction that can
be approximately predicted by the maximum tangential stress (MTS) criterion [9], and striations were found along the
deviated crack path; (ii) non-proportional load case TD2, under which the FCG deviated to a direction that is about 60°
off the MTS prediction, and dimples were found along the deviated crack path. For this particular case, the deviation
angle is approximately predictable by the maximum shear stress (MSS) criterion [10].

The shear mode FCG as shown in Fig. 1 (d) is more than 8mm long along the deviated path. Thus, it is not a short-
distance propagation in shear mode occurring in an eatly stage of crack growth as discussed in [7]. Nor is it a transient
behaviour occurring at a short-distance coplanar growth following the change of load mixture as reported in [11]. The
persistence of the shear mode FCG as presented in Fig. 1 (d) indicates the complexity of underlying mechanism under
non-proportional loads. It means that a stage II fatigue crack can propagate in other than open mode growth, and in such
a case, the crack path is absolutely unpredictable by the commonly accepted MTS criterion. Nevertheless, the above
finding is so far only based on experimental results for A106-93 mild steel. It is not clear whether this finding also applies
to other materials, such as aluminium alloy (AA) 7075-T651, which is typically used for aircraft structures, as no similar
tests have been reported for the latter in the open literature.

Hence, the purpose of this study is to investigate FCG behaviour in AA7075-T651 under non-proportional mixed mode I
and 1II loads. In particular, it aims to clarify whether the long and stable shear mode FCG also occurs. For the sake of
comparison, the specimen design and majority of the mixed-mode load cases used in the present study are the same as
reported in [3].

G TD1
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(a) Applied loads
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Stable, SSY shear-mode FCG,
6 x times as faster as TD1

f * 25 ;
o
(d) Applied loads (e) Crack path (f) Post-deviation fracture surface

Figure 1: FCG from a mode I pre-crack, under proportional (a-c), and non-proportional (d-f), mixed-mode loads [3, 12]. (SSY in the
figure refers to small scale yielding).

SPECIMEN AND TEST PROCEDURES

fatigue test machine with a capacity of £250 KN and 2000 Nm. The test machine is located in the Structural

T he fatigue tests of the present study were performed on an Instron 8500 servo-hydraulic tension-torsion biaxial
Laboratory, School of Civil Engineering at the University of Sydney. This is the same test machine as the one that
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was used in [3], except that the electronic test controllers have been upgraded prior to the present study.

The design of the specimen is the same as previously used in [3]. A schematic illustration of the specimen is given in Fig.
2, which includes a notched thin-walled tube and two solid plugs. Both the tube and plugs were machined from 2.5"
AAT075-T651 solid bars, and the tight tolerance between the plugs and the tube was filled with Araldite epoxy adhesive.
The plugs are reusable and their main function is to provide support to the tube under hydraulic grippers. The tube has a
large diameter-to-thickness ratio of 38, which helps to suppress the effects of uneven shear stress distribution through the
thickness. The crack starter notch has a keyhole shape, and was introduced via drilling and electronic discharge machining.

200 65

@ |
‘ wv
) ) ) c SN
o~
e o | | AT
T

058
pre-crack {
\

!
-
L plug L notched tube notch L plug —

@) (b)

Figure 2: (a) Illustration of a tubular specimen for FCG test under cyclic tension and torsion. (b) The crack start notch with a single-
sided mode I pre-crack. (after [3]).

Y

The tension and torsion loads are described using ¢ and 7, which are the nominal tensile and shear stresses in an
uncracked and un-notched tube. The positive direction of ¢ and 7, are shown in Fig. 2(a).

Ten specimens were tested. For each specimen, the fatigue test was performed in two phases. During phase 1 of the test,
only tension was applied which cycled at 10Hz between 25 MPa and 125 MPa. A single-sided circumferential crack, here
noted as pre-crack and illustrated in Fig. 2(b), was produced. The phase 1 procedure completed when the total crack
length, 2a, reached between 7.5mm and 9mm approximately.

During phase 2 of the test, both tension and torsion were applied according to the 7-0 curves as illustrated in Fig. 3.
The time-histories of tension and torsion feedback were monitored, and when needed load frequency was reduced to
around 2Hz, to ensure that the target shape of the 7-0 curve was achieved. Each specimen was subject to a single load
case, except for one specimen where three load cases (LC8, 9 and 10) were applied in a sequential order. At the pre-crack
tip, the applied o and 7 produce mode I and mode 1I stress intensities, respectively, when the crack is fully opened. Strictly
speaking, load cases LC1 to 1.C4 should be catalogued as proportional mixed mode loads. Nevertheless, they are here
included for comparison. It is noted that all the load cases, except LC13, have been previously tested for A106-93 mild
steel [3], and that the load cases LC4 and LC5 depicted in Fig. 3 are identical to TD1 and TD2 in Fig. 1.

All the fatigue tests were performed at room temperature in the laboratory environment. Fatigue crack growth was
monitored using a portable optimal microscope and still images were taken at given intervals of cycles.

RESULTS AND ANALYSIS

taken at the outer surface of the tubular specimens while the cracks were kept open under applied load in the test

machine. The main interest here is the FCG behaviour under mixed mode loads, in particular the crack directions,
as defined in Fig 4. Tab. 1 compares the measured crack directions with those predicted by the MTS [9] and MSS [10]
criteria, which are expressed in Egs. 1 and 2, respectively:

I \ or all ten specimens, the fatigue cracks produced by the end of the tests are shown in Fig. 4. These images were

A A
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Figure 3: Load cases applied during the phase 2 of the fatigue tests.
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Pre-crack Coplagar FC.G before Crack direction (0)
Load Case length ranching
(mm) Iz:rit)h Cycle As measured MTS critetion ~ MSS criterion
LC1 8.3 1.3 3200 -66.1° -70.5° 0°
LC2 7.8 45 1850 +10.1° -70.5° 0°
1L.C3 8.3 no growth n/a n/a -70.5° 0°
LC4 8.1 0.54 650 -27.3° -40° +28.5°
LC5 8.0 0.4 750 +41° -40° +28.5°
LCo6 8.4 0 411 +8° -25.5° +44°
LC8 7.5 0.6 4928 -52.5° -61.5° +8°
LC11 7.7 0.4 1832 +18.4° -40° +28.5°
LC12 9.1 0.8 568 -43.2° -40° +28.5°
LC13 8.3 0.3 1500 -19.9° -40° +28.5°

Table 1: Fatigue crack growth behaviour under mixed mode loads.

where, 0yy and 7,4 are tangential and shear stress calculated using Eq. 3 which is simplified from [13]. At the pre-crack

tip, the mode 1 and mode 1I stress intensity factors were calculated as K; = ov7a and K;; =7+/7wa, respectively. The
effects of crack surface interference [14, 15] were not considered in this study.
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The results given in Tab. 1 shows that only four of the measured crack directions, or two of the six non-proportional load
cases, can be approximately (with less than £15° error) predicted using the MTS criterion. Meanwhile, three of the
directions can be approximately predicted by the MSS criterion.

It is noted that the maximum and minimum values of ¢ and 7 are all identical across five of the load cases, including 1.C4,
5, 11, 12 and 13. Nevertheless, the crack paths that were produced in the tests are all very different. The comparison
between L.LC4 and LC5 is here elaborated. Under LC4 (proportional ¢ -7 vatiation), the crack path turns into a -27.3°
direction, which is close to the MTS prediction. Meanwhile, under LLC5 (non-proportional o -7 variation), the crack path
turns into a +41° direction, which is close to the MSS prediction. These two directions ate more than 60° apart, showing
the dependency of crack path, and hence the crack growth mechanism, on the relative phases between the o and 7
variations. A similar dependency was previously observed for A106-93 mild steel [3] as shown in Fig. 1. It means that for
both the mild steel [3] and AA7075-T651 (this study), a long and stable shear mode FCG can be produced by applying
non-proportional mixed mode load.

The comparison between LLC11 and LC12 is also worth noting. For these two load cases, the 7-0 curves are the same
except that one follows a clockwise direction, and the other follows an anti-clockwise direction. The crack paths as
measured on the specimens are +18.4° and -43.2°, respectively, again more than 60° apart.

The load cases LC1, LC2 and LC3 tested here are similar to those achievable using a fixed-grip-sheat specimens [16],
where a static tensile (mode I) load was superimposed onto a cyclic shear (mode II) load. For the load case LC3 of the
present study, no growth was observed from the pre-crack tip, which can be attributed to the severe crack closure and
shear attenuation as the applied static tension is only one-fifth of the maximum o applied during the pre-cracking phase.
Under the load cases LC1 and LC2, nominal AKj; at the pre-crack tip were 5.7MPa-m!/2 and 8.3MPa-m!/2, respectively;
and the FCG turned into -66.1° (close to MTS prediction) and +10.1° (close to MSS prediction) directions, respectively. It
means that, under the cyclic 7 plus static o load conditions shear mode FCG can be produced under a higher AK}; for

AA7075-T651. Similar observations wete reported in [16] for AA7075-T6. However, under the same load case as LC2, no
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shear mode FCG was observed for A106-93 mild steel [3]. This result reconfirms an eatlier review finding [3] that under
cyclic mode II loads, a shear mode FCG is more likely in aluminium alloys than in steels.

Figure 4: Fatigue cracks at the outer surface of tubular specimens at the end of tests.

Coplanar FCG was also observed under almost all load cases as summarised in Tab. 1. Nevertheless, for the loading cases
where both o and 7 were cyclically applied, the coplanar growth was a transient behaviour, typically less than 1mm long,
after which the FCG turned into the direction as discussed above.
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It is noted that under most loading cases, a second crack also emanated from the far edge of the circular hole. However,
the second crack only emerged after more than 4000 cycles of the applied mixed mode load. Therefore, their effect on
crack path deviation was ignorable in this study.

CONCLUSION

significantly different from the open mode FCG commonly expected under mode I or proportional mixed mode

loads. Similatly to previous results for mild steel, a long and stable shear mode FCG can be produced in AA7075-
T651 under non-proportional loads. The commonly accepted MTS criterion does not apply under most non-proportional
load cases. Further investigations are needed to gain sufficient understanding, including those under in-service multiaxial
loading spectra, to better support durability assessment of primary aircraft structures subjected to severe non-proportional
multiaxial loads.

T his study clarifies that for AA7075-T651, the FCG under non-proportional mixed mode I and II loads is
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