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Abstract: An improved understanding of fatigue behavior of a cast aluminum alloy (2-AS5U3G-Y35) in very high
cycle regime is developed through the ultrasonic fatigue test in axial and torsion loading. The new developed tor-
sion fatigue system is presented. The effects of loading condition and frequency on the very high cycle fatigue
(VHCF) are investigated. The cyclic loading in axial and torsion at 35 Hz and 20 kHz with stress ratio R=—1 is
used respectively to demonstrate the effect of loading condition. S-N curves show that the fatigue failure occurs
in the range of 10°~—10"cycles in axial or torsion loading and the asymptote of S-N curve is inclined, but no fa-
tigue limit exists under the torsion and axial loading condition. The fatigue fracture surface shows that the fatigue
crack initiates from the specimen surface subjected to the cyclic torsion loading. It is different from the fatigue
fracture characteristic in axial loading in which fatigue crack initiates from subsurface defect in very high cycle
regime. The fatigue initiation is on the maximum shear plane, the overall crack orientation is on a typical spiral
45° to the fracture plane and it is the maximum principle stress plane. The clear shear strip in the torsion fatigue
fracture surface shows that the torsion fracture is the shear fracture.
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ior?, which validated that it was an effective

AS5U3G-Y 35 aluminum alloy is highly suit-
able for high strength cast alloys due to its good
flowability of melt and high strengtht). The use
of the cast aluminum alloys in automotive or air-
craft structural applications is rapidly growing to
reduce weight. The aluminum alloy also has the
low thermal conductivity and the excellent corro-
sion resistance which makes it favorable in air-
craft engine structural applications.

For aluminum alloys applied to aircraft en-
gine components, there is a need for understand-
ing the fatigue behavior of alloys in the very high
cycle regime. Ultrasonic fatigue instrumentation
at frequency of 20 kHz was used to reduce testing

time and examine very long life fatigue behav-

and reliable way to investigate fatigue properties

of materials™®,

However, much of the available
ultrasonic fatigue properties today are axial load-
ing, although some fatigue criterions can be used
to predict the torsion fatigue behavior using the

axial fatigue life!*!'",

Because many components
are primarily under torsion loading conditions,
the investigation of fatigue behavior for the cast
aluminum extends a wider range of test conditions
involving axial and torsion loading to understand
the fatigue properties and the damage mechanisms
of the material beyond 10" cycles.

In this paper, samples of cast aluminum are
used for fatigue test in the axial and torsion load-

ing at 35 Hz and 20 kHz, respectively. The fa-
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tigue strength and the fracture mechanism of each
specimen are also investigated. And the relation-
ship of fatigue strength between in axial loading

and torsion loading is discussed.

1 EXPERIMENTS

1.1 Material

The material examined in this paper is 2-
AS5U3G-Y35 cast aluminum alloy. The chemical
composition is measured by the energy dispersed
X-ray spectrometry (EDXS). The results are list-
ed in Table 1, and typical values of mechanical
properties are exhibited in Table 2, where E is
the Young's modulus, o the density, A the reduc-
tion in area, o, the uniaxial yield stress, UTS the
ultimate strength, and HV30 the hardness. The
microstructure of cast aluminum 2-AS5U3G-Y 35
is shown in Fig. 1. The average grain is 10 pm,
and a little fine pore (no more than 5 pm) is fine-
ly dispersed in the microstructure. Solid cylindri-
cal specimens are used with a gauge section of 5

mm in diameter.

Table 1 Chemical composition (in mass) of cast alu-

minum 2-AS5U3G-Y35 %
Chemical . . .

Si Mn Ni Cu Mg Fe Zn Ti Pb Sn
element
Mass

. 5.300.300.033.200.36 0.55 0.17 0.11 0.02 0. 01
ratio

Table 2 Mechanical properties of cast aluminum
2-AS5U3G-Y35
E/ e/ o,/ UTS/
\ A/ : HV30
GPa (kg *m™*) /% MPa MPa
72 2 700 1 182 222 98. 6

Fig.1 Microstructure of cast aluminum

2-AS5U3G-Y35

1.2 Fatigue testing method

Fatigue tests are conducted in an ultrasonic
fatigue testing machine under the axial or torsion
loading at the frequency of 20 kHz. In the ultra-
sonic fatigue testing, the specimens are cooled by
using the compressed air to decrease the tempera-
ture of the testing specimen. And fatigue tests
are performed until the failure of a specimen, or
up to 10"cycles as run-out. The experimental re-
sults are compared with the results obtained at
the frequency of 35 Hz using conventional fatigue

test machine.

1.3 Ultrasonic fatigue test system for torsion

loading

Ultrasonic fatigue test system in axial load-
ing is widely used in the fatigue behavior investi-
gating of material in very high cycle regime'**’. In
order to test the fatigue behavior of materials
subjected to cyclic torsion loading to 10' cycles,
an ultrasonic torsion fatigue system is designed
based on the ultrasonic fatigue system in the axial
loading.

In the ultrasonic torsion fatigue test system,
the torsion amplifier that transforms the longitu-
dinal vibration to the torsion vibration and the
output amplified by the torsion angular displace-
ment is used to supply the shear stress to the
specimen. The torsion vibration system is com-
prised of a converter, a longitudinal amplifier, a
torsion amplifier, and a torsion specimen (Fig.
2). The torsion amplifier and the specimen have
the 20 kHz torsion resonance length, and the tor-
sion displacement amplitude of the specimen
reaches its maximum in the end, while the shear
strain excitation attains the maximum in the mid-
dle section of the specimen producing the required
high frequency fatigue shear stress.

In this paper, all tests are performed at the
stress ratio of R=—1. Prior to the each test, the
strain in the center (the maximum strain site) of
specimen is calibrated with a strain gage bonded
to the gage section. Under the nominal elastic

conditions used for loading to very high cycles,
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Fig. 2 Ultrasonic torsion fatigue setup

there is a linear relationship between the input
voltage and the strain in the gage section. A sig-
nal amplifier and an oscilloscope are used to mea-
sure strain in the gage section. The computerized
control unit allows switching from input voltage
to stress control during a running test. Cyclic
numbers, maximum stress and testing frequency
are continuously recorded by the test control soft-

ware.
1.4 Dynamic analysis

The difference of ultrasonic fatigue test sys-
tem between in the axial loading and in the tor-
sion loading is that a torsion amplifier is used to
supply the torsion angular displacement to the
torsion specimen. In order to obtain a reasonable
vibration model of the ultrasonic torsion test sys-
tem, the ultrasonic test setup is modeled by using
the finite element software ANSYS. The dynamic
vibration displacement analysis of the system is
shown in Fig. 3, and the maximum torsion dis-
placement at the end of torsion amplifier can be

seen from the figure.

NODAL SOLUTION ANSYS
STEP=1 MAR 23 2005
SUB=3 20:48:06
FREQ=19519
USUM  (AVG)
RSYS=0
DMX =8.564
SMN =009 411
SMX =8.564

009411 1.911 3812 5713 7614

95997 2.861 4762 6.663

Fig. 3 Displacement field in torsion system

2 RESULTS AND DISCUSSION
2.1 High-cycle fatigue properties

Fatigue tests are divided into two kinds of
loading type: one is uniaxial tension-compression
fatigue with R = —1; another is torsion fatigue
with R= —1. Prior to fatigue tests, all specimens
are polished and the roughness of specimen is less
than 0. 2 pm, which satisfied the ASTM standard
of metallic materials fatigue test.

Conventional fatigue tests (35 Hz) are con-
ducted by the INSTRON fatigue test machine, in
which the cycle stress loading is controlled. The
fatigue test results are between 10* and 107 cy-
cles, and by using the ultrasonic fatigue test ma-
chine, the 10°—10" cycles fatigue data are ob-
tained.

The results from the ultrasonic fatigue test
system compared with the results obtained using
conventional testing machines are plotted together
in Fig. 4 (R=—1). The results show that many
specimens failed in the range of 10’—10" cycles.
There is no endurance limit existed in the S-N
curve of 2-AS5U3G-Y 35, and the S-N curve con-
tinues to decrease from 107 to 10" cycles.

170
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Fig. 4 Experimental results of 2-AS5U3G-Y35 in
axial loading (R=—1)

Fig. 5 shows the S-N curve of cast aluminum
2-AS5U3G-Y 35 for torsion fatigue test with R=
— 1. In Fig. 5, the fatigue lifetime increases as
the stress amplitude decreases in the life range of
10'—10" cycles, and the fatigue fracture occurres
beyond 10" cycles. However, the slope of S-N

curve decreases a little.
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Fig. 5 Torsion fatigue test results of 2-AS5U3G-Y 35
(R=—1)

2.2 Fatigue fracture mechanism

The fatigue crack initiations of most frac-
tured specimens in the axial loading are from the
surface or the subsurface voids in the specimens.
Fig. 6 shows a typical fatigue fracture surface
tested at 20 kHz and an applied maximum stress
level of 70 MPa. The topography of the fracture
surfaces are found to obtained the void at the sub-
surface of specimen. In the vicinity of crack ori-
gin, a zone with a number of pores exists. Fig. 7
shows the subsurface fatigue crack initiation test-
ed at the frequency of 20 kHz with the same ap-
plied maximum stress level of 70 MPa. Compared
with the fatigue fracture surface in Fig. 6, a larg-
er void is in the crack origin. So it has shorter fa-
tigue life with Ny=4.47X10" cycles than that of
the fractured specimen with Ny=1.46 X 10° cy-
cles shown in Fig. 6.

Observed cracks in the torsion fatigue speci-
mens appear on the maximum shear planes. Al-
though in the some cases the overall crack orien-
tation appeares on a typical spiral 45° fracture

plane (i. e., maximum principal stress plane),

184X 20KV WD:21 mm S$:00000 P:00000 2 21 P:00000
200 e 0

(a) Overview (b) Crack initiation and

propagation region

Fig. 6 Subsurface fatigue crack initiation of specimen

tested with Ny=1.46X10%at 20 kHz

mm_ $:00000 P:00000 D20 mm $:00000 P:00000

(b) Crack initiation and
propagation region

(a) Overview

Fig. 7 Subsurface fatigue crack initiation of specimen

tested with Ny=4.47x107at 20 kHz

the fatigue damage mechanism is actually shear.
Fatigue crack initiations of all the fractured speci-
mens are from surface of specimens. Fig. 8 shows
a typical torsion fatigue fracture surface. For the
fatigue crack growth in the 45° of axial direction,
there are micro-cracks around the principal crack.
The fatigue crack growth reveals the spiral 45°
fracture plane and the fatigue initiation is from

the specimen surface.

5:00000 P:00000

201X 20KV W
2mm

Fig. 8 Growth of torsion fatigue crack

2.3 Discussion

2.3.1

Predictions of the torsional fatigue behavior

Prediction of shear fatigue properties

are obtained by using the axial fatigue life data.
The shear fatigue properties in the torsional
strain-life equation are calculated based on von
Mises, Tresca and maximum principal strain cri-

teria respectively. According to the von Mises cri-

terion''", we have
?i=0d¢/ V3, Vi= V3¢ (1)
For the Tresca criterion, we have

T/{ = OJf/Zv 7,f = 1. 5€,( (2)
And for the maximum principal strain criteri-
on, we have

=0 /A +v), V= 2¢; (3)
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The curve of shear stress amplitude versus
the fatigue life from experiments and predictions
is shown in Fig. 9. It can be seen that among the
three criteria, the maximum principal strain crite-
rion provides the best estimation of the torsional
fatigue behavior. However, none of these criteri-
on results is in a satisfactory prediction. Choosing
the Tresca criterion can lead to very poor predic-

tions and a conservative design.

170 [ wx o von Mises criterion
A Tresca criterion
140 + X XX ® Maximum principle strain criterion
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Fig. 9 Results of experiments and predictions
2.3.2 Torsion fatigue mechanism in high cycle
regime

Under a cyclic torsional loading condition,
the fatigue crack initiates from surface of the
specimen center subjected to the maximum shear
stress. When the fatigue crack initiates, the local
stress raises and different stress states exist
around the fatigue crack initiation. The tensile
stress on the 45° plane exceeds the tensile
strength of the alloy before the shear stress reach-
es the shear strength. The fracture occurs normal
to the 45° tensile plane, thus forming a conical
fracture surface.

As the loading is axially symmetrical, a fa-
tigue crack can be initiated at any point, or at
several points in the center of specimen which
shows the maximum shear stress. The multiple
cracks do not occur in the same plane and are sep-
arated from each other.

It is discovered from examination of fatigue
fracture surface that the fracture surface contains
the evident shear fatigue strip and the fatigue
cracks arising from torsional stresses show beach
marks, although in some cases the overall crack

orientation appeares on a typical spiral 45° frac-

ture plane (i. e., maximum principal stress
plane). It is also found that the fatigue damage
mechanism is in fact shear.

The growth cracks are oriented at approxi-
mately 45° to the axis of specimen, which indi-
cates that the final fracture is caused by a tensile
stress normal to the 45° plane, and unlike the ex-
pectation of the shear stress causing an overload

failure.

3 CONCLUSIONS

From the investigation of fatigue properties
of the cast aluminum 2-AS5U3G-Y35 in a very
high cycle regime, the following conclusions can
be drawn .

(1) Fatigue failure occurrs in the very high
cycle regimes for the cast aluminum alloy without
fatigue limits and evident frequency effect. The
fatigue criterions cannot be used in prediction of
torsion fatigue strength using axial fatigue life da-
ta.

(2) High cycle fatigue lives are pronounced
and determined by fatigue crack initiation. The
different fatigue initiation occurs under the differ-
ent loading condition. For the specimens in the
axial loading in high cycle regimes, fatigue crack
initiations are often from subsurface or interior
defect. Fatigue strength strongly depends on
casting defects. If there is no evident microstruc-
ture defect, the fatigue crack initiation is also
from the specimen surface.

(3) Fatigue crack always initiates from the
specimen surface for the torsion fatigue test. The
growth cracks are oriented at approximately 45°
to the axis of specimen, which indicates that the
final fracture is caused by a tensile stress normal
to the 45° plane and it is not the expected shear

stress causing an overload failure.
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