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Abstract: Only the fatigue initiation is considered by the safe-life design approach, while fatigue crack propagation is paid more
attention by the damage tolerance approach. The reasonable fatigue design method and durability assessment standard should give these
two phases equivalent concerns. To develop a unified model of fatigue initiation and crack propagation, a great deal of baseline fatigue
properties of a material should be obtained by fatigue experiments. However, there is lack of thorough and comprehensive experiment
study on the fatigue properties of 2024-T4 aluminum alloy, which is widely used as load-bearing components in aircraft industry. In this
paper, strain-controlled uniaxial, torsion, and combined axial-torsion fatigue experiments are conducted on 2024-T4 aluminum alloy in
ambient air. Fully reversed uniaxial and pure torsion experiments employ solid cylindrical specimens. Fatigue experiments under the
fully reversed shear loading with a static axial stress, proportional axial-torsion loading, and 90° out-of-phase axial-torsion
nonproportional loading are conducted by using thin-walled tubular specimens. The experimental results show that the mean stress has a
significant influence on the fatigue strength of the material. A tensile mean stress decreases the fatigue life dramatically, while a
compressive mean stress increases the fatigue life. The strain-life fatigue results obtained from the fully reversed uniaxial fatigue
experiments can be represented by one smooth curve of a three-parameter equation. However, two fitting curves are needed for
characterizing the results of the fully reversed pure torsion fatigue tests because of the existence of an obvious kink. The baseline fatigue
properties of 2024-T4 aluminum alloy obtained from the fatigue experiments have applications for the fatigue design and safe

assessment of engineering components.
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1 Introduction”

2024-T4 aluminum alloy is widely used in the modern
industry because of the high ratio of strength to mass
density. Fatigue due to cyclic loading is the most common
failure form in the load-bearing structural components
made of 2024-T4 aluminum alloy. The process of fatigue
failure generally consists of two stages: fatigue crack
initiation and fatigue crack propagation. Only the fatigue
crack initiation is considered by the “safe-life design
approach” which is widely adopted in the structural fatigue
design of aircraft industry. On the other hand, the “damage
tolerance approach” for the safety assessment of the
in-service components pays more attention to fatigue crack
propagation'!, However, because these two different stages
are based upon the same fatigue damage mechanism, they
should be given equivalent concerns in the fatigue design
and durability assessment of load- bearing component™.
Although theoretical models and numerical simulations are
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widely used, the experimental investigations are of great
importance to obtain the baseline fatigue properties of a
material and to validate the fatigue models.

Strain-life approaches are widely used in the fatigue
design. For most steel and copper materials, the elastic
stress-life data could be linearized on log-log scale and the
plastic strain-life usually follows the Coffin-Manson
relationship. The resulting single slope curve of the total
strain amplitude versus the fatigue life can be expressed
as[3]

S =L e (N, (1)
where Ag/2 is the total strain amplitude, oy is the fatigue
strength coefficient, & is the fatigue ductility coefficient,
E 1is the elasticity modulus, N; is the fatigue life in terms
of number of cycles to failure, b is the fatigue strength
exponent, and c is the fatigue ductility exponent. The first
term of the right hand side of Eq. (1) is for the elastic strain
part, and the second term for the plastic strain part. Both of
the relationships between the elastic strain part and fatigue
life as well as the plastic strain part and fatigue life are
linear in the log-log scale. ENDO, et al!, found that the
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linear relations as given in Eq. (1) cannot give adequate
correlations of 2024-T4 and 7075-T6 aluminum alloys.
SANDERS, et al®! argued that the observed poor
correlation was due to the fact that the Coffin-Manson
relationship was just applicable down to a material
dependent critical level of plastic strain. In other words, if
the plastic strain part is lower, the Coffin-Manson
relationship no longer obeys the single slope behavior.
FATEMI, et al ©!, used the stress amplitude versus fatigue
life curves of 14 aluminum alloys to validate the bi-linear
relationship and found that it provided a better correlation
than the single slope linear model. ZHAO, et al'®), observed
that there was a kink associated with the cracking behavior
around a fatigue life of 3x 10° cycles in the shear strain-life
curve of 7075-T651 aluminum alloy under pure torsion.
The experimental data divided by the kink can be properly
described by two equations.

Engineering structural components often experience
nonproportional loading, and the states of stress and strain
of the fatigue failure positions are generally multiaxial.
Based on the fatigue damage parameter for uniaxial loading
proposed by SMITH, WATSON, and TOPPER(SWT)",
SOCIE®, and FATEMI, et al, extended the SWT
parameter to multiaxial fatigue with a critical plane
interpretation, i.e.,

Y=0_ —, 2
max 2 ()

where ¥is the SWT fatigue damage parameter, G,y is the
maximum stress in a loading cycle, and A£/2 is the
cyclic normal strain amplitude. The critical plane is defined
as the material plane with maximum normal strain
amplitude. The extended SWT parameter predicts a
cracking plane whose normal is parallel to the axial stress
direction for tension-compression loading, and +45°
cracking planes for pure torsion loading. JIANG, et al'*'?],
defined the critical plane as the material plane which
experienced the maximum fatigue damage. ZHAO, et al'®),
modified the SWT parameter to consider the general stress
state and cracking behavior. The modified SWT parameter
was found to give better predictions of the fatigue life and
cracking behavior of 7075-T651 aluminum alloy under
multiaxial loading conditions. The SWT parameter is found
to be particularly suitable for aluminum alloys.

Despite comprehensive work, the fatigue cracking
behavior of the aluminum alloys under multiaxial
stress-strain states has not been well investigated. To obtain
the fundamental data of 2024-T4 aluminum alloy, extensive
fatigue experiments were conducted under uniaxial, torsion,
and axial-torsion cyclic loadings in the current study. The
SWT parameter was evaluated.

The remainder of this paper is organized as follows.
Section 2 presents the experimental conditions and results
of multiaxial fatigue testing of 2024-T4 aluminum alloy.
Section 3 gives the correlation of a SWT parameter to the

experimental fatigue lives. In section 4 some conclusions
are made.

2 Multi-axial Fatigue Experiments

2.1 Material and specimens

In the fatigue testing program of the 2024-T4 aluminum
alloy, three kinds of cylindrical specimens were used, as
shown in Fig. 1. They are the uniaxial solid cylindrical
specimens (Fig. 1(a)), solid cylindrical specimens for fully
reversed pure torsion (Fig. 1(b)), and the tubular specimens
for multi-axial fatigue (Fig. 1(c)). Symbol D denotes the
outer diameter of the tubular specimens or the solid
cylindrical specimens, and d is the inner diameter of the
tubular specimens. Symbol F denotes the axial force and T
is the torque. All the specimens were fabricated from a
cylindrical bar with a diameter of 60 mm. The axis of each
specimen is parallel to that of the cylindrical bar. Before
fatigue tests, the surface of the gauge section in the
specimen was polished carefully to eliminate the effects of
the micro-defects and residual stress on the fatigue
properties induced by the mechanical processing. No
additional heat treatment was made before and after the
fabrication of the testing specimens.
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Fig. 1. Three kinds of cylindrical specimens

2.2 Experimental conditions

An Instron Servohydraulic tension-torsion load frame
was used for the fatigue experiments. The testing system
was equipped with the Instron 8800 electronic control,
computer control, and data acquisition. The load cell of the
testing system has a capacity of 2 800 N * m in torque
and 222 kN in axial load. A uniaxial extensometer, whose
gauge length is 12.7 mm and strain range is =5%, was used
for the measurement and control of the axial strain in the
gauge section of the uniaxial specimens. For specimens
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used for the fully reversed torsion tests and multiaxial
fatigue experiments, a modified MTS biaxial extensometer
was used to measure the radial, circumferential, and axial
strains. The biaxial extensometer has a range of +5% in the
axial strain, a range of £3° in the torsion deformation, and
a 0.25 mm range in the radial direction. All the experiments
were conducted in ambient air.

All the fatigue experiments were conducted under the
strain-controlled condition. Fig. 2 shows the three loading
paths used in the axial-torsion experiments for the tubular
specimens. Where the horizontal axis denotes the 1/ NE)
times of the shear strain y, and the vertical axis represents
the axial strain & Fig. 2(a) is the fully reversed shear
loading with a static axial stress, Fig. 2(b) is the
proportional axial-torsion loading, and Fig. 2(c) is the 90°
out-of-phase axial-torsion nonproportional loading.

/N3 /N3 /N3

(a) (b) ©

Fig. 2. Three loading paths used in the axial-torsion
experiments for the tubular specimens

Detailed loading conditions and experimental fatigue
lives are summarized in Tables 1-5. Where Ag/2 is the
controlled axial strain amplitude, Ac/2 is the axial stress
amplitude corresponding to Ag/2, Ay/2 is the controlled
shear strain amplitude, and Az/2 is surface shear stress
amplitude corresponding to Ay/2. o, is the applied static
axial stress associated with the cyclic torsion loading for
the tubular specimens. The loading frequency f was
determined based on the rule that the influence of its
change on the testing results should be insignificant. To this
end, a lower loading frequency was selected for the higher
loading amplitude, and a higher loading frequency was
used for the lower loading amplitude. The loading
frequency for each tubular specimen under combined
axial-torsion loading was set to be lower than 2 Hz, which
is not listed in Table 3-5.

The fatigue life, Ny, corresponds to the moment when the
stress amplitude is reduced by 10% from the stabilized
value, or when a visible crack is found on the surface of the
gauge section. It is commonly believed that after about half
of the fatigue life, the stress-strain response of the material
of the gauge section will be stabilized. The stabilized
hysteresis loops of axial stress versus axial strain are shown
in Fig. 3. The reported axial stress amplitude Ao/2 in Table
1 can be then easily obtained. The surface shear strain
amplitude was a control parameter in the pure torsion
experiments using the solid specimens. Following the
procedure given by KALNAUS, et al'”’!, the corresponding
surface shear stress amplitude Az/2 can be determined by

using the cyclic stress-strain curve obtained from testing
the tubular specimens under fully reversed pure torsion
loading. The shear stress amplitudes obtained through such
procedure are listed in Table 3.

Table 1. Fatigue experiments under fully reversed
uniaxial loading
Loading Outer Axial strain Axial stress Fatigue

specimen No. frequency  diameter amplitude amplitude life

f/Hz D/mm  Ag/2/ % Ac/2/ MPa Ni/cycle
ALUNO04 0.125 11.32 2.00 618.4 12
ALUNO8 1 11.24 1.50 576.7 35
ALUNO1 0.25 11.19 1.00 554.1 127
ALUN19 1 11.56 0.80 526.4 184
ALUNO5 0.5 11.18 0.70 5222 660
ALUNI18 1 10.38 0.60 456.4 1780
ALUNO7 2 11.31 0.50 387.4 5400
ALUNI11 1 11.26 0.40 311.1 15921
UTNO1 5 17.75 0.40 300.0 33793
ALUN17 10 11.02 0.35 276.5 54 461
UTNO3 5 17.66 0.35 264.0 123 244
ALUN14 10 11.12 0.30 234.7 146 061
ALUN13 10 10.82 0.30 229.1 196 703
UTNO02 10 17.74 0.30 226.6 413 000
ALUN12 10 11.27 0.25 192.8 895 357
Table 2. Fatigue experiments under fully reversed
pure torsion
. Loading Outer  Shear strain Surface Fatigue
Specimen frequency diameter amplitude sélllgirlisttszzs life
No. f/Hz D/mm  Ay/2/ % Az'/I;/MPa Ni/cycle
UTNI12 0.25 17.77 2.10 327.0 360
UTNO04 0.2 17.63 1.61 320.0 800
UTNOS5 1 17.77 1.21 305.0 2000
TO1 1.5 17.46 0.97 266.0 3300
UTNO06 2 17.66 0.81 223.0 8 800
UTNI11 2 17.55 0.73 201.0 17 400
UTNI15 2 17.81 0.69 188.3 19 000
T02 1 17.00 0.64 176.0 27618
UTN13 3 17.77 0.63 171.5 97 400
UTNO8 3 17.81 0.65 180.1 141 348
UTNO7 4 17.71 0.57 156.9 197 855
TNO1 2 17.66 0.61 168.0 194 208
UTNI10 5 17.61 0.54 148.1 260 000
TNO2 2 17.66 0.50 140.2 489 033
UTNO09 5 17.77 0.48 133.5 592 000
UTN14 5 17.65 0.48 134.8 973 616

Table 3. Fatigue experiments under fully reversed shear
loading with a static axial stress

Applied Shear Surface .

. Outer Inner ; . . Fatigue

Specimen  gizmeter diameter SEHC axial strain shear stress life

No stress  amplitude amplitude

Dfmm - dfmm e Ay2/% Azj2/Mpa MYl

TTFO5 23.73 19.92 200.0 0.73 177.6 800
TTF03 23.59 19.99 0.0 0.73 193.7 2300
TTFO1 23.56 19.87 —100.0  0.73 1933 142 150
TTF04 23.79 19.88 —200.0  0.73 196.5 16 600
TTF06 23.72 19.96 —100.0  0.69 186.8 118 400
TTFO07 23.66 19.91 —200.0  0.69 184.4 68 400
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Table 4. Fatigue experiments under proportional loading

Specimen No.

Parameter
NT03 NTO02 TF08 NTO1
Outer diameter D/mm 23,72 23.57 23.68 23.56
Inner diameter d/mm 1991 19.86 19.90 19.88
Axial strain amplitude Ag/2/ % 0.50 0.40 0.30 0.25
Shear strain amplitude Ay/2/ %  0.85 0.68 0.51 0.43
Axial stress amplitude Aoc/2/
237.2 2777 2183 182.7
MPa
Surface shear stress amplitude
136.9 169.7 133.8 114.1
At7/2/MPa
Fatigue life Ny/cycle 910 4400 16600 74800

Table S. Fatigue experiments under 90° out-of-phase
nonproportional loading

Specimen No.

Parameter
NT07 NTO08 NTO04 NTO06
Outer diameter D/mm 23.79 2380 23.69 23.45
Inner diameter d/mm 19.88 19.92  19.89 19.91
Axial strain amplitude Ag/2/ % 0.50  0.35 0.30 0.25
Shear strain amplitude Ay/2/ %  0.84  0.60 0.51 0.43
Axial stress amplitude Ac/2/
360.8 2554 2136 187.4
MPa
Surface shear stress amplitude
2012 1588 1333 116.3
At7/2/MPa
Fatigue life Ny/cycle 880 7650 9300 50273
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Fig. 3. Stabilized stress-strain hysteresis loops

for fully reversed uniaxial tests

Before the fatigue experiment, several hundreds of fully
reversed uniaxial loading cycles at very low level well
below the yield stress were applied to each specimen. The
axial stress is proportional to the axial strain in this kind of
cyclic loading procedure. The linear elastic phase of the
axial stress-strain curves was used to determine the elastic
modulus £ and the Poisson’s ratio v of 2024-T4 aluminum
alloy. The least square technique was used to fit linearly the
experimental data. The obtained elastic modulus is 73.1
GPa and Poisson’s ratio is 0.33.

2.3 Experimental results

The detailed loading frequency, diameter of gauge
section, axial stress amplitude, axial strain amplitude, and
fatigue life for each fully reversed uniaxial experiment are
listed in Table 1. The axial stress amplitude versus fatigue

life is shown in Fig. 4, and the axial strain amplitude versus
fatigue life is shown in Fig. 5. The following three-
parameter equation was used to describe the strain-life
curve

[%—ajan =C. 3)

By best fitting the strain-life experimental data, the three
material parameters, &, n and C, can be determined. For
2024-T4 aluminum alloy, they are £=0.002 6, n=2.8, and
C=0.000 14. The curve of Eq. (3) with three fitted
parameters is also given in Fig. 5. It is clear that the
strain-life experimental data can be well described by using

Eq. (3).
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Fig. 4. Stress-life for fully reversed uniaxial loading
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Fig. 5. Strain-life for fully reversed uniaxial loading

Fig. 6 shows the experimental strain-life obtained from
the fully reversed pure torsion loading of solid cylindrical
specimens. The detailed geometrical dimensions, loading
conditions and fatigue life for each specimens are listed in
Table 2. It can be found that there is a kink around a fatigue
life of 2x10° cycles in the shear strain-life curve of the fully
reversed pure torsion loading. Unlike the axial strain-life
(Fig. 5) which can be properly described by Eq. (3), two
three-parameter equations are needed to better describe the
experimental data of the surface shear strain amplitude
versus the fatigue life of the solid rod specimens. For
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2024-T4 aluminum alloy, the fitted parameters are
&=0.005 4, n=1.85, and C=0.17, for fatigue life lower
than 200 000 cycles; £=0.004 7, n=0.7, and C=1 532 for
fatigue life longer than 200 000 cycles.
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O Fully reversed torsion for solid cylindrical specimens
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Fig. 6. Strain-life for fully reversed pure torsion loading

To study the effects of the mean stress on the fatigue
property of 2024-T4 aluminum alloy, two shear strain
amplitudes with different static axial stresses were used for
a loading path shown in Fig. 2(a). The detailed loading
conditions are given in Table 3. Fig. 7 shows the
experimental results. It is clear that with shear strain
amplitude of 0.73%, a positive static axial stress reduces
the fatigue life, while a compressive static axial stress
enhances the fatigue life. Moreover, for both tested shear
strain amplitudes, a smaller axial compression load leads to
a longer fatigue life. The mean stress was found to have a
significant influence on the fatigue strength of the material.

0.008 -
A Ay/2=0.73% with a static axial stress
N [ a Ay/2=0.69% with a static axial stress
= L -100MPa
8 L
5 F A JA
I
2 0.007 j 200MPa 0 -200MPa A A
§ [
® L
S r -200MPa  -100MPa
5 L
0.006; Ll Ll Ll Ll
107 10° 10* 10° 10°
Number of cycles to failure N,/ Cycle
Fig. 7. Strain-life for fully reversed shearing loading

with a static axial stress

The experimental results of the tubular specimens under
combined axial-torsion loading are shown in Fig. 8. The
detailed loading conditions and results are listed in Tables
4-5. An equivalent strain amplitude, Agq/2, defined as

follows:
Ag 2 2
“ Ej +1[ﬂj , @
2 2 302

was used to represent the combined axial-torsion cyclic
loading magnitude. It is clear that, for the same equivalent
strain amplitude, the fatigue life with respect to the loading
path (b) is longer than that with respect to the loading path
(c) when the fatigue life is longer than 10* cycles. The
loading path has a significant influence on the fatigue life
of 2024-T4 aluminum alloy in the case of high cycle
fatigue.
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Fig. 8. Fatigue under combined axial-torsion loading

3 SWT Fatigue Parameter Correlation
with Experiments

The SWT fatigue parameter with the critical plane
concept as given in Eq. (2) has been commonly recognized
to be particularly suitable for aluminum alloys. The normal
strain amplitude and the maximum normal stress in the
expression of SWT parameter are taken on the critical plane.
For the fully reversed uniaxial loading, the critical plane is
identical to the cross section of the cylindrical specimens.
Because the uniaxial loading is fully reversed, Ag/2 is
taken to be the controlled axial strain amplitude and o,y 1S
equal to the axial stress amplitude. For the fully reversed
pure torsion loading, the critical plane takes an angle of 45°
with the axis of the cylindrical specimens. Since the pure
torsion loading is also fully reversed, . and Ag/2 are
equal to the surface shear stress amplitude and half of the
controlled shear strain amplitude, respectively, i.e.,
Omax=A7 and Ag/2=Ay/4. However, in the case of cyclic
axial-torsion loading paths, the coordinate transformation
of stress and strain components should be used to
determine the critical plane and the stress strain
components on the critical plane.

The value of SWT parameter for the fully reversed
uniaxial loading is equal to the product of the controlled
axial strain amplitude (the forth column of Table 1) and the
axial stress amplitude (the fifth column of Table 1). For the
fully reversed pure torsion loading, the SWT parameter is
equal to half the product of the controlled shear strain
amplitude (the forth column of Table 2) and the surface
shear stress amplitude (the fifth column of Table 2). The
calculated SWT parameter versus the experimental fatigue
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life for solid cylindrical specimens under fully reversed
uniaxial and pure torsion loadings are shown in Fig. 9.
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Fig. 9. SWT parameter versus the experimental
fatigue life for solid cylindrical specimens under fully
reversed uniaxial and pure torsion loadings

7

The following three-parameter equation identical to
Eq. (3) mathematically

#—#)'N, =C Q)

was used to characterize the relationship between the SWT
parameter and the fatigue life. By better fitting the
experimental data, the three material parameters were
determined to be ¥,=0.204, n=2.71, and C=10 678. It is
clear that the fitted three-parameter equation correlates the
experimental fatigue life well.

For each specimen, the SWT parameter, ¥, can be
determined. By using Eq. (5), the fatigue life of the
specimen can be predicted. A comparison between the
predicted fatigue lives and the observed lives for all the
specimens tested in the current investigation is shown in
Fig. 10.
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10 E X Loading path Fig.2(a) AR -
63 X Loading path Fig.2(b) X A,A O
o 10 E© Loading path Fig.2(c) O'XA /o
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g E
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o F
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s 100F
e E
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10" F
10", .
10° Bt sl 4 vl 4 vl vl vl vl vl

10° 10" 10 10> 10" 10° 10 10" 10

Observed fatigue life N,/ Cycle

8

Fig. 10. Comparison between the predicted fatigue lives
and the observed lives for all the specimens tested
in the current investigation

The solid diagonal line in Fig. 10 denotes a perfect
prediction and the two dotted lines are the factor-of-five
boundaries. It is obvious that Eq. (5) can correlate well
most of fatigue experiments. However, the predicted results
are very poor for the fatigue experiments under fully
reversed shear loading with a static compressive axial stress
of —200 MPa.

4 Conclusions

(1) An axial mean stress has a significant effect on the
fatigue strength of material subjected to cyclic torsion
loading. A positive mean stress reduces the fatigue life,
while the compressive mean stress enhances the fatigue life.
However, a larger (absolute) axial compressive stress
results in shorter fatigue life as compared with that under a
smaller axial compressive stress.

(2) The experimental data of axial strain versus fatigue
life under fully reversed uniaxial loading can be well
described by one three-parameter strain-life equation, while
two such equations are needed for the case under fully
reversed pure torsion.
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