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NIMS fatigue data sheet on gigacycle fatigue properties of A2017

(Al-4.0Cu-0.6Mg) aluminium alloy
Yoshiyuki Furuya, Hideaki Nishikawa and Hisashi Hirukawa

Research Center for Structural Materials, National Institute for Materials Science, Tsukuba, Ibaraki, Japan

ABSTRACT

The new fatigue data sheets, Nos. 135 and 136, disclose the gigacycle fatigue properties of
A2017-T4 aluminium alloys. No. 135 shows gigacycle fatigue test results at a stress ratio of
R= -1 up to 10" cycles, obtained by rotating bending fatigue testing at 100 Hz and by
ultrasonic fatigue testing at 20 kHz, together with the results obtained by uniaxial loading
fatigue testing at 100 Hz up to 10® cycles. No. 136 details the results from high stress ratios
obtained by ultrasonic fatigue testing and 100 Hz uniaxial loading fatigue testing. Many
specimens failed at over 10’ cycles, so conventional fatigue limits were not confirmed, while
fatigue failures at over 10° cycles were very rare, suggesting that the fatigue limits are in the
gigacycle region. The results of the three types of fatigue tests showed good agreement,
indicating the frequency and the stress gradient effects to be negligible. The fatigue strength of
the aluminium alloys was proportional to the tensile strength, similar to observations made
with low-strength steels at 10” cycles, but lower, at 10'° cycles. The stress ratio effects, which
reduced the fatigue strength in stress amplitudes, were not remarkable. The fatigue strengths
at high stress ratios were close to the modified Goodman lines, meaning that the stress ratio
effects could be estimated using conventional methods.
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IMPACT STATEMENT
This paper presents new fatigue data sheets, titled Nos. 135 and 136, on gigacycle fatigue

properties of A2017-T4 aluminium alloy. No. 135 is the gigacycle version at a stress ratio of

R= -1 and No.136 is that at high stress ratios.

1. Introduction
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NIMS fatigue data sheets comprise a huge database of
fatigue properties of structural materials [1]. The total
number of fatigue data sheets is currently 133 (Nos. 0-
132). This paper describes new fatigue data sheets,
titled Nos. 135 and 136.

These fatigue data sheets disclose the gigacycle fati-
gue properties of A2017-T4, a typical high-strength
aluminium alloy, also called Duralumin. It is in wide
use because of its high market availability. A series of
previous fatigue data sheets disclose the gigacycle fati-
gue properties of A5083P-O, A7075-T6 and A6061-T6

alloys [2-10]. These comprise three types. The first is
low- and high-cycle fatigue properties tested under
strain- and load-control conditions, respectively.
The second is gigacycle fatigue properties tested by
rotating bending and ultrasonic fatigue testing at
a stress ratio of R=—1. The third is gigacycle fatigue
properties at high stress ratios. The first of the A2017-
T4 series, which is a low- and high-cycle version, has
already been published [11]. These fatigue data sheets
are thus the second and third, i.e. No. 135 is the
gigacycle version and No. 136 is that for high stress
ratios.
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Gigacycle fatigue tests up to 10'° cycles were con-
ducted both by rotating bending at 100 Hz and ultra-
sonic at 20 kHz, while those at high stress ratios were
tested by ultrasonic fatigue testing only. The 100-Hz
test takes three years to reach 10'° cycles, whereas 20-
kHz testing requires only one week. Uniaxial loading
fatigue tests at 100 Hz up to 10 cycles were also con-
ducted for comparison. The materials tested were two
heats of bars and one heat of a plate, with anisotropy
examined in the plate. Details of the new fatigue data
sheets are as follows.

2. Experimental method
2.1. Materials

Tables 1 and 2 show the processing details and che-
mical compositions of the tested alloys. The tested
alloys were a hot-rolled plate and extruded round
bars sampled in 2020. Table 3 shows their mechanical
properties. The tensile strengths of the tested alloys
ranged from 400 to 539 MPa. The tensile strengths of
A2017-T4 were higher than those of A5083P-O and
A6061-T6, but lower than those of A7075-T6. The
tensile strengths were distributed among the heats.
There was minimal anisotropy in the plate.
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Figure 1 shows the microstructures of the tested
alloys. The microstructures of heats A and C had
recrystallized, while those of heat B were fibrous struc-
tures with no recrystallization. These fibrous struc-
tures were similar to those observed in A7075-T6.

2.2. Fatigue testing

Table 4 shows the gigacycle fatigue test conditions.
The rotating bending fatigue tests were conducted
using a cantilever-type rotating bending fatigue testing
machine that had 36 stations to allow the simulta-
neous testing of multiple specimens. The room tem-
perature and humidity were measured during the
rotating bending fatigue tests. The ultrasonic fatigue
tests were conducted using a commercial machine that
had a very powerful air-cooling system to limit any
temperature increase. The uniaxial loading fatigue
tests at 100 Hz were conducted using an electromag-
netic resonance fatigue testing machine. These fatigue
tests were conducted at a stress ratio of R =—1 only.
Table 5 shows the gigacycle fatigue test conditions
at high stress ratios. The fatigue testing machines used
were the electromagnetic resonance-type at 100 Hz
and the ultrasonic-type at 20 kHz. The stress ratios

Table 1. Processing details and related properties of A2017-T4 aluminium alloy.

Forming Extrusion Reduction ratio Product form and size
Heat process ratio (%) (mm) Heat treatment
A Extruding 237 - Bar 21 dia x 2000 T4
B Extruding 21.0 - Bar 20 dia x 2000 T4
C Rolling - 95.9 Plate 20 x 500 x 1000 T351
2Sampled in 2020. Reported by the manufacturers.
Table 2. Chemical composition of A2017-T4 aluminium alloy.
Element (mass %)
Heat Si Fe Cu Mn Mg Cr Zn Ti
A 0.65 0.27 3.94 0.67 0.57 0.01 0.10 0.03
Product analysis® B 0.60 0.29 3.90 0.70 0.60 0.01 0.03 0.01
C 0.68 0.56 3.80 0.47 0.57 0.01 0.08 0.02
Require-ment®< max 0.80 0.70 4.50 1.00 0.80 0.10 0.25 0.15
min 0.20 - 3.50 0.40 0.40 - - -
?Reported by the manufacturers.
5JIS H 4040 (2015): Aluminium and aluminium alloy bars and wires.
<JIS H 4000 (2014): Aluminium and aluminium alloy sheets, strips and plates.
Table 3. Mechanical properties of A2017-T4 aluminium alloy.
Tensile properties® Vickers
0.2% proof stress Tensile strength Elongation ~ Reduction of area hardness
Heat Sampling direction of specimen (MPa) (MPa) (%) (%) (HV/98N)
A 307 451 22 45 130
B 383 539 16 20 132
Requirementb min 225 min 380 min 12 - -
C Longitudinal 324 400 20 4 123
Transverse 301 419 16 30 -
Requirement® Requirement? min 215 min 375 min 12 - -

4JIS Z 2241 (2011), No.14A-type specimen with 8 mm diameter and 40 mm gage length. The nominal strain rate of the specimen was controlled to 0.00025

S-1.
5JIS H 4040 (2015). Aluminum and aluminum alloy bars and wires.

JIS H 4000 (2014). Aluminum and aluminum alloy sheets, strips and plates.
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Figure 1. Microstructures of A2017-T4 aluminium alloy.
were R =—1, 0 and 0.3. In addition to these stress ratios, ~ fixing the stress ratio. The oy, = 0y test condition cor-

Omax = Oy tests were applied, in which the maximum  responded to the highest stress ratio condition, assum-
stresses were fixed at 0.2% proof stresses rather than  ing that the materials are used in an elastic region.
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Table 4. Gigacycle fatigue test conditions.
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Electromagnetic
resonance type, 100 kN

Type and capacity of testing machine

Ultrasonic type?,
40-1000 MPa

Cantilever type,
50 N-m

Type of test
Loading condition

Waveform
Frequency
Environment
Sampling direction
of specimen
Specimenb (dimensions in mm)

100 Hz

Uniaxial loading

Uniaxial loading
Constant stress amplitude
Stress ratio, R=—1
Sinusoidal

20 kHz
RT (21-33 °C), laboratory air
Longitudinal

Rotating bending

100 Hz

90% risk volume = 227 mm?3
(a) Electromagnetic resonance-type machine

Vo)
S

R3 ;

%
10

31.9 244 31.9

90% risk volume = 124 mm?
(b) Ultrasonic-type machine

[
NS
S
2
=4
— ]
34

90% risk volume = 69 mm3
(c) Cantilever-type rotating bending machine

®In the 20 kHz tests, specimens were air cooled using a heat exchanger and 5.5 kW compressor (6002/min). Therefore, the temperature rises of the

specimen were less than 10°C.

PThe specimen surfaces were finished by longitudinal polishing with 600 grade silicon carbide paper.

3. Experimental results
3.1. Gigacycle fatigue test results

Figure 2 shows the gigacycle fatigue test results. Many
specimens failed at over 107 cycles, meaning that fati-
gue limits were not confirmed during conventional
cycles. However, no specimen failed at over 10° cycles,
so the fatigue limits appeared to be present in the
gigacycle region. The fatigue strength of heat B was
the highest, heat A was in between, and heat C was the
lowest. This order corresponded to that of tensile
strength.

Figure 3 shows the humidity measured during the
rotating bending fatigue tests. The humidity was high
in summer, but low in winter. The highest humidity
was 60% or more. There was no obvious correlation
between humidity and the fatigue test results. The

specimens were exposed to high humidity at over 10°
cycles. No specimens failed in that cycle region.

Figure 4 shows S-N diagrams that compare the three
types of fatigue tests and indicates that differences are
very small among the fatigue test types. There are two
points to be noted. One is negligible frequency effects,
since the 20 kHz test results show good agreement with
those at 100 Hz. The other is the very small stress
gradient effects in this alloy. The stress gradient effects
are typically observed in low-strength steels in which
the rotating bending fatigue tests reveal higher fatigue
strength than with the uniaxial loading, whereas such
differences are not observed in this alloy.

Table 6 shows the estimated mean fatigue strengths
at both 107 and at 10'* cycles. They show average
values between the maximum stress amplitude at
which no specimen is fractured and that just above it.
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Table 5. Gigacycle fatigue test conditions at high stress ratios.
Electromagnetic resonance type,

Ultrasonic type?,

Type and capacity of testing machine 100 kN 40-1000 MPa
Type of test Uniaxial loading
Loading condition Constant stress amplitude
Stress ratios (R): -1, 0, 0.3
7 - g'max:Uy
o a
N v / - T in
O min o,~20,
R = =
alrlax gy
0 time
Constant stress amplitude
Omax=0y
Stress ratios (R): 0.32-0.75
Waveform Sinusoidal
Frequency 100 Hz 20 kHz

Environment RT (21 — 33 °C), laboratory air

Sampling direction Heat C— Longitudinal and transverse, Heat A, B— Longitudinal

Specimen® RS M6
(dimensions in mm) N gl

0l6
[

gz ) [ 328 | 204 | w28

K g >l

90% risk volume = 124 mm?
9In the 20 kHz tests, specimens were air cooled using a heat exchanger and 5.5 kW compressor (600 I/min), therefore, the

90% risk volume = 227 mm?

temperature rises of the specimen were less than 10 °C.

PUnder the condition fixing the maximum stress at the 0.2% proof stress instead of stress ratio fixing.
“The specimen surfaces were finished by longitudinal polishing with 600-grade silicon carbide paper.

Figure 5 shows comparisons of fatigue strengths
between aluminium alloys and steels. The fatigue
strengths of the aluminium alloys reveal a linear
relationship with tensile strength. With uniaxially-
loaded steels, the relationship between fatigue
strength ow and tensile strength op is ow
=0.530p for quenched and tempered (QT) steels
and ow = 0.390p for austenitic stainless steels and
normalized (N) carbon steels. The fatigue strength
of the aluminium alloys is very close to ow
=0.3905 at 107 cycles but lower at 10" cycles.
On the other hand, with rotating bending, at
both 107 cycles and at 10'® cycles, the fatigue
strengths of the aluminium alloys are lower than
ow = 0.540p seen in the steels. The reason is that
stress gradient effects, which are negligible in the
aluminium alloys, increase the rotating bending
fatigue strength of austenitic stainless steels and
normalized (N) carbon steels. Cyclic yield stress of
the aluminium alloys is very high [11], so the
rotating bending fatigue strength is coincident
with the uniaxially-loaded fatigue strength since
both test conditions are completely elastic.
However, this is not the case of the low-strength
steels. In other words, the rotating bending fatigue
strength is a mixture of stress gradient effects and
the material’s fatigue performance.

Figure 6 shows typical fracture surfaces after the
gigacycle fatigue tests. All the specimens failed
from surface-nucleated fatigue cracks, with the
fracture surfaces revealing typical transgranular
fatigue fracture morphologies. Differences in frac-
ture surfaces were very small among the fatigue test
types, indicating negligible frequency and stress
gradient effects.

3.2. Gigacycle fatigue test results at high stress
ratios

Figures 7 and 8 show the results at high stress ratios.
These figures include the results at R = —1 for compar-
ison. Trends in the data are similar between R=-1
and at high stress ratios. Many specimens failed at over
107 cycles, whereas fatigue failures at over 10° cycles
were very rare, indicating that fatigue limits were not
confirmed in conventional cycles but appeared to be
present in the gigacycle region. The fatigue strengths
were in the order of tensile strength, i.e. the fatigue
strength of heat B was the highest, heat A was in
between and heat C was the lowest. A unique point
at high stress ratios was the occurrence of internal
fractures in several specimens. These internal fractures
occurred only at high stress ratios and at over 10
cycles. Although the fatigue tests on heat C were
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Figure 2. Gigacycle fatigue test results of A2017-T4 aluminium alloy.
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Figure 3. Humidity measured during rotating bending fatigue tests.

conducted in both the longitudinal and in transverse ~ agreement with those at 100 Hz, indicating negligible
directions, anisotropy was very small. frequency effects. The fatigue strengths in stress ampli-

Figure 9 shows S-N diagrams for evaluating frequency  tudes fall with increasing stress ratios, while the degrada-
and stress ratio effects. The results at 20 kHz show good  tions of the fatigue strengths were not noteworthy.
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Figure 4. S-N diagram comparing the three types of fatigue tests.

o

Table 6. Estimated mean fatigue strengths® at 10” and 10'® cycles in A2017-T4 aluminum alloy at R=—1 (stress
amplitude in MPa).

107 cycles Ultrasonic

10" cycles® Ultrasonic

107 cycles Rotating bend

ing

10'° cycles® Rotating bending

Heat (20 kHz) (20 kHz) (100 Hz) (100 Hz)
A 170 110 150 130
B 190 130 210 150
C 130 95 130 95

The fatigue strengths are average values between the maximum stress amplitude at which no specimen is fractured and the stress amplitude

just above it.

BThe fatigue strengths were estimated from the data obtained by ultrasonic type machine.
“The fatigue strengths were estimated from the data obtained by cantilever type rotating bending machine.
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Figure 5. Comparison of fatigue strengths between aluminium alloys and steels.
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Figure 6. Typical fracture surfaces obtained in the gigacycle fatigue tests.
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Figure 7. Uniaxial loading fatigue test results at 100 Hz at high stress ratios.

Table 7 shows the estimated mean fatigue strengths
at high stress ratios. They show average values
between the maximum stress amplitude at which no
specimen is fractured and that just above it. The mean
fatigue strengths were estimated at both 107 and at
10" cycles, while in some cases, the fatigue strengths
at 10 cycles could not be determined because of a lack
of fatigue failure before 107 cycles. The 10" cycles
fatigue strengths were clearly lower than those for
107 cycles. The fatigue strengths were thus degraded
even after the 10 cycles, regardless of the stress ratios.

Figure 10 shows endurance limit diagrams that
compare the fatigue strengths with modified
Goodman lines. The fatigue strengths were close to
the modified Goodman lines at both 107 and at 10"
cycles.

Figure 11 shows typical fracture surfaces at high
stress ratios. Both surface and internal fractures
were observed. The surface fracture surfaces at
high stress ratios were almost identical to those at
R =-1. The internal fracture surfaces were observed
only at high stress ratios. Fish-eye patterns were
not evident, even for internal fractures. Unlike

with A6061-T6 [10], no precipitates were observed
at the internal fracture origins. Flat regions were
observed at the fracture origins, which resembled
facets seen, for example, in titanium alloys [12-14].
The differences in fracture surfaces were negligible
between frequencies. The differences between heats
were insignificant.

4, Discussion

The first point to be noted is the effects of tensile
strength on fatigue strength. The tensile strength of
the tested A2017-T4 revealed wide scattering that
filled the space between A7075-T6 and A6061-T6
(Figure 5). As a result, it was more clearly confirmed
that the fatigue strength of the aluminium alloys was
proportional to the tensile strength. The fatigue
strength at 107 cycles was close to that of the low-
strength steels (ow = 0.3903), while at 10" cycles, the
fatigue strength was lower than that of the low-
strength steels. This trend was confirmed in the
results of the uniaxial loading fatigue tests shown in
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Figure 8. Ultrasonic fatigue test results at 20 kHz at high stress ratios.

Table 7. Estimated mean fatigue strengths® at 10" and 10'® cycles in A2017-T4 aluminium alloy at high stress ratios (stress
amplitude in MPa).

Sampling direction 107 cycles® 10" cycles®
Heat for specimen Stress ratio ultrasonic (20 kHz) ultrasonic (20 kHz)

A R=-1 170 110
R=0 135 85
R=03 105 75

R = 0.35-0.61 (Onax=0,) < 65 R=0.58
B R=-1 190 130
R=0 175 115
R=03 =< 95

R = 0.32-0.58 (0pnax=0,) < 85R=0.56
C Longitudinal R=-1 130 95
R=0 95 65
R=03 95 75

R = 0.38-0.75 (Opnax=0,) 65 R=0.60 45R=0.72
Transverse R=-1 150 95
R=0 115 85
R=03 95 75

R = 0.34-0.67 (Opax=0,) 75 R=0.50 55R=0.64

?Fatigue strengths are average values between the maximum stress amplitude at which no specimen is fractured and the stress amplitude just above it.
PFatigue strengths were estimated from the data obtained by ultrasonic-type machine.
“Fatigue strength at 107 cycles could not be determined since S-N data was not obtained for less than 107 cycle as shown in Figure 8.
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Low magnification 1 mm High magnification 25 um

(a) Ultrasonic at 20 kHz (Heat A, 02 = 70 MPa, Nf = 1.16x10° cycles, surface fracture)

Low magnification High magnification

(b) Ultrasonic at 20 kHz (Heat A, 0. = 90 MPa, Nf = 7.28x10 cycles, internal fracture)

cpe . 1 . e . 25 um
Low magnification _mm High magnification i

(c) Uniaxial loading at 100 Hz (Heat A, 0. = 100 MPa, N; = 2.22x107 cycles, internal fracture)

Figure 11. Typical fracture surfaces in Opyax = Oy tests.
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Figure 5(a). The rotating bending fatigue test results
shown in Figure 5(b) contain the stress gradient
effects that increase the fatigue strength of the low-
strength steels. The axial loading fatigue test results
were thus more appropriate for comparing the fati-
gue strength between aluminium alloys and steels.

The second point concerns frequency effects.
The present fatigue test results revealed that ultra-
sonic fatigue testing at 20 kHz was comparable to
conventional fatigue testing at 100 Hz (Figures 4
and 9). Ultrasonic fatigue testing, which applies
10'° cycles in a week, is thus applicable to the
aluminium alloys tested. However, this conclusion
may perhaps apply only to wrought aluminium
alloys tested. As discussed in References [15,16],
visible frequency effects were reported in several
cast aluminium alloys. These visible frequency
effects are attributable to the influence of humidity
[17,18]. Several cast aluminium alloys are sensitive
to humidity, resulting in a shortened fatigue life, but
these influences are not apparent at 20 kHz. On the
other hand, wrought aluminium alloys tested are
insensitive to humidity (Figure 3), so this type of
frequency effect cannot occur.

The third point is the stress ratio effects. A more
specific point is the relationship of the fatigue
strength with the modified Goodman lines. In
past studies, we found serious stress ratio effects
on the gigacycle fatigue strength of Ti-6A-4V
alloys [19,20]. With the Ti-6Al-4 V alloys, the stress
ratio effects were so large that the gigacycle fatigue
strength fell below the modified Goodman lines.
This pattern was unusual, since modified
Goodman lines generally give safe predictions; this
was one reason for our close examination of the
stress ratio effects in recent gigacycle fatigue data
sheets. This unusual effect was not observed in
A2017-T4 (Figure 10). This was also the case of
other aluminium alloys (A5083P-O, A7075-T6 and
A6061-T6) [4,7,10]. The stress ratio effects on the
aluminium alloys can, therefore, be estimated in
conventional ways, such as by using modified
Goodman lines.

5. Summary

NIMS fatigue data sheets Nos. 135 and 136 disclose giga-
cycle fatigue test results for A2017-T4 aluminium alloys.
No. 135 is the gigacycle version at a stress ratio of R = —1 and
No. 136 is that at high stress ratios. The gigacycle fatigue
tests were conducted up to 10'® cycles both by rotating
bending fatigue testing at 100 Hz and by ultrasonic fatigue
testing at 20 kHz. Uniaxial loading fatigue tests at 100 Hz
were also conducted up to 10° cycles for comparison. The
fatigue tests at high stress ratios were conducted using
ultrasonic and 100-Hz uniaxial load testing.

Y. FURUYA ET AL.

The gigacycle fatigue test results revealed that fatigue
limits were not confirmed at the conventional 107 cycles.
They appeared to be present in the gigacycle region, since
fatigue failure at over 10 cycles was very rare. The three
types of fatigue tests showed comparable results, indicat-
ing the effects of frequency and stress gradients to be
negligible. The fatigue strength of the aluminium alloys,
which was proportional to the tensile strength, was close
to that of the low-strength steels at 10” cycles, in spite of
being lower at 10" cycles.

The fatigue strengths in stress amplitudes fell slightly
with rising stress ratios. The fatigue strengths were close
to the modified Goodman lines, meaning that the stress
ratio effects were normal.
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