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Abstract. This study provides a comprehensive investigation of the uniaxial, strain-controlled fatigue behaviour of an AA2519 aluminium-
copper alloy. The alloy was characterized in the as-fabricated state. Three orientations relative to the rolling direction were used to determine
the mechanical properties. The quasi-static strength and cyclic stress-strain response of the AA2519 aluminium alloy for the examined cases
were similar regardless of the rolling direction, although slight differences between them were noticeable. Similarly, the fatigue life was not
strongly affected by the specimen orientation. The investigation also included fractographic analysis of the fracture surfaces, revealing differences
between strain amplitude levels and specimen orientations. The experimental results obtained provide a good basis for engineering applications
of the analyzed AA2519 alloy and offer a solid foundation for further research into the effect of heat treatment on the fatigue strength of the

investigated alloy.
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1. INTRODUCTION

Engineering structures, despite their wide diversity, primarily
because of their intended purpose, share a common characteris-
tic, i.e., during the design process, efforts are made to ensure that
the developed structure exhibits the smallest possible mass while
retaining its mechanical properties, such as stiffness and load-
carrying capacity. In certain applications, such as aerospace,
this issue holds particular significance, primarily because of en-
ergy consumption, as lighter aircraft consume less fuel, leading
to an increased range per refuelling. The benefit derived from
reduced mass extends to almost all industrial sectors.

A significant breakthrough in the selection of engineering
materials, considering a more favourable density-to-strength ra-
tio than steel, was the development of the first duralumin by
Alfred Wilhelmy [1]. This discovery subsequently contributed
to the emergence of advanced, lightweight aerospace and space
structures [2-5], including those with military applications [6].
The AA2519 alloy is an interesting material within this group
because of its technological and mechanical properties, such
as high strength, ballistic resistance, and stress corrosion resis-
tance [7—11]. These mechanical properties, along with the devel-
opment of welding technology for sheets made from this alloy,
make it a material that can be successfully used in lightweight
armoured vehicles and aviation. Because of its significantly
lower mass compared to steel, the possibility of using this alloy
for aircraft armour has been considered [12]. With the devel-
opment of explosive welding technology for joining materials
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with different properties [13], the AA2519 alloy found its ap-
plication in the production of Al-Ti layered plates [3, 14—17],
which combines the desired mechanical and physicochemical
properties.

To enable the commercial application of specified composite,
it is necessary to identify its mechanical properties, including
a description of the same mechanical characteristics of its base
materials. However, in the case of AA2519 aluminium alloy,
some of these properties are not available in publicly accessible
literature.

AA2519 alloy, similar to other materials in the 2XXX
group [18, 19], undergoes changes in its mechanical proper-
ties after heat treatment, as well as other aluminium alloys
that are strengthened by precipitation [20, 21]. Therefore, sev-
eral published studies investigated the influence of such treat-
ment on selected mechanical properties and the microstruc-
ture of the analyzed material [22-24]. Most of these studies
focused on tensile properties, hardness, changes in microstruc-
ture [25,26] and high cycle fatigue live [27]. Other papers pro-
vide information on the impact of alloying additives on the me-
chanical properties [28], including the tensile strength [29-32].
The fracture toughness of the AA2519 alloy was also investi-
gated [33,34].

As mentioned earlier despite its interesting properties, the
fatigue endurance of AA2519 alloys has not been extensively
described in the literature. Research on the fatigue durability of
the material was presented in [35]. However, the study had a
comparative nature, and fatigue test results were presented for
various aluminium alloys in the 2XXX series but for a single
level of loading. As a result, a fatigue curve was not constructed.
As in the previous case, fatigue tests were conducted on heat-
treated material (T62) with a strain ratio of R, =0.1. An at-
tempt was made to determine the fatigue durability of the de-
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scribed AA2519-T62 alloy using specimens taken from extruded
profiles. In [36], the Basquin—-Manson—Coffin and Ramberg—
Osgood curves were obtained for specimens obtained from the
profiles; however, for R, = 0.1. Another publication by Kos-
turek et al. regarding the durability of AA2519 is [37], where
the influence of tool rotational speed during friction stir weld-
ing on joint durability between two parts of the AA2519 alloy
was investigated. The determination of the mechanical prop-
erties involved tensile strength and low-cycle fatigue testing at
R:=0.1.

The AA2519 alloy is mainly available as rolled sheet metal.
An essential element of such a production process is signifi-
cant initial plastic deformation and the emergence of directional
structure in the material [38,39]. Based on the literature analysis,
it was not possible to find complementary information on the fa-
tigue behaviour of AA2519 aluminum alloy sheets considering
the rolling direction effect. Therefore, the present study aimed
to determine the cyclic stress-strain response and fatigue life of
AA2519 specimens cut in three different orientations regarding
the rolling direction. The research also includes the analysis of
fracture surfaces.

2. MATERIALS AND METHODS

The material used in the study was an AA2519 aluminium alloy
rolled sheet in the as-fabricated condition. Table 1 provides the
chemical composition of the material. The microstructure of the
rolled sheet is shown in Fig. 1. The metallographic sample was
polished with a final pass through a 1 pm diamond suspension.
Etching was performed using Keller’s reagent (95 ml H,O +
2.5 ml HNO3 + 1.5 ml HCI + 1 ml HF) for 20 s, then using
Weck’s reagent (100 ml H,O + 4 g KMnO4 + 1 g NaOH) for
40 s, and then again using Keller’s reagent for 10 s. Figure la
shows the microstructure perpendicular to the rolling direction.
The etching did not reveal the grain structure; however, some
basic features can be seen. Precipitates can be seen as brighter

Table 1
Chemical composition of AA2519 alloy
’ Si ‘ Fe ‘ Cu | Mg ‘ Zn Ti ‘ v ‘ Zr Al ‘
0.06 | 0.08 | 5.77 | 0.18 | 0.01 | 0.04 | 0.12 | 0.2 | balance

-y

Fig. 1. Microstructure of the rolled AA2519 aluminium alloy sheet:
(a) transverse direction and (b) rolling direction

areas surrounded by more etched, dark areas. Figure 1b shows
the microstructure in the rolling direction. A band structure
typical for rolled sheets [40—42] and extruded billets [43] was
revealed.

The specimens of dimensions given in Fig. 2 were cut from
a 10 mm thick sheet using the wire cutting method (Fig. 3a),
ensuring an uninterrupted and stable process of specimen pro-
duction. To consider the effect of rolling and possible anisotropic
properties of the sheet, three groups of specimens were prepared,
as shown in Fig. 3c. They were cut along the rolling direction
(0°), at 45° to the rolling direction, and transversely (90°).

A «||K —*

15
os]

(108.11)

Fig. 2. Dimensions of the specimens used in the study

S olling direction
s B \ 9 oy s |
\'L L ' * » 00 - T S 24 - |

Fig. 3. (a) Specimen preparation, (b) testing setup, and (c) specimen
orientation

3. RESULTS AND DISCUSSION
3.1. Monotonic tension tests

The monotonic engineering stress-strain curves are presented
in Fig. 4, and the determined basic mechanical properties are
compiled in Table 2. The monotonic behaviour of specimens
cut at different orientations was not significantly different. As
shown in Table 2, the values of the obtained parameters are
not different. The differences in the parameters for 0° and the
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Fig. 4. Monotonic stress-strain curves obtained from uniaxial tensile
testing of the AA2519 alloy

Table 2
The basic mechanical properties of the AA2519 alloy were determined
via tensile tests

Young’s Ultimate tensile Offset yield
modulus E strength R, stress Rpo.2
GPa |%of0°| MPa |[%of0°| MPa |% of 0°
§ 0° | 718 - 285.8 - 245 -
g 45°| 67.6 942 | 277.0 96.9 227 92.7
S 90°| 734 102.2 | 286.6 | 100.3 234 95.5

other two directions are less than 10%. However, if details are to
be sought, one can observe that the curve for the 45° direction
is placed below the two others, and the strain at failure was
higher by approximately 60%. The offset yield stress values are
arranged in the order of 45° < 90° < 0°. Similarly, a low effect
of specimen cutting direction on the rolling direction of tensile
properties was also reported for other aluminium alloys [44—49].

3.2. Cyclic stress-strain behaviour

Figure 5 presents the strain hysteresis loops determined in the
midlife for each specimen cutting direction. The lowest lev-
els of loading were excluded from the charts, as the response
was purely or nearly purely elastic. The loops were shifted so
that their points of loading inversion were in the common ori-
gin 0 [50]. In the case of the 0° orientation (Fig. 5a), the upper
branches of the loops form an approximately common curve,
although they do not match perfectly. For the two other ori-
entations (Fig. 5b, 5c), the hysteresis loops obtained at lower
strain amplitudes stand out from the rest. The main reason is
the different slopes of the elastic parts. It can be concluded
that the stiffness of the material decreased when subjected to
high strain amplitudes. The upper branches of the high-strain
hysteresis loops roughly form a common curve, as with the 0°
specimen orientation. Figure 5d compares the strain hysteresis
loops obtained at strain amplitudes of 0.010, 0.006, and 0.004.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 4, p. e154271, 2025

Except for the highest loading, for which the stress ranges are
equal, they are arranged in ascending order of 45° < 0° < 90°,
considering the specimen cut direction.

(a;’.llll (b:ﬁi::::
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Fig. 5. Midlife strain hysteresis loops for specimens cut at (a) 0°, (b) 45°,
and (c) 90° to the rolling direction and (d) comparison

Based on the strain and stress amplitudes, the Ramberg—
Osgood curves were fitted to approximate the cyclic stress-strain
behaviour of each specimen group [51]:

q=

Tqa
E \K’

— gyl
Eqa=E,+E, = 7

where g, is the total strain amplitude, £¢ is the elastic strain
amplitude, €% is the plastic strain amplitude, K’ is the cyclic
strength coefficient, and n’ is the cyclic strain hardening expo-
nent. The determined parameters are listed in Table 3. Nonlinear
least-square fitting based on the trust region algorithm was used
to determine the curves (Fig. 6). A fragment of the monotonic
stress-strain curve was additionally imposed to compare mono-
tonic and cyclic stress-strain behaviour [52]. For the 0° and
45° cutting directions (Fig. 6a, 6b), the cyclic yield stress was
slightly lower than the monotonic yield stress, and the curve
trends show very minor cyclic hardening. In the case of the

Table 3
Ramberg—Osgood equation parameters for the AA2519 alloy consid-
ering the cut orientation of the specimen with respect to the rolling

direction
, : Cyclic strain
Young’s Cyclic st{ength hardening
modulus coefficient exponent
E (GPa) K’ (MPa) P
n’ (-)
0° 78.7 430.1 0.099
=
2 | 45° 79.7 554.1 0.150
2 | 90° 77.0 351.6 0.059
o
all 77.0 397.2 0.083
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90° cutting direction (Fig. 6c), little cyclic hardening can be
observed, and the monotonic and cyclic yield stresses are iden-
tical. Because the cyclic stress-strain response of specimens cut
in different directions was similar, another curve was fitted to
all the collected data points (Fig. 6d). Figure 6e compares the
Ramberg—Osgood curves for all three cutting directions deter-
mined separately and altogether. The curves are quite similar,
and the curves determined for all the data points approximate
the overall stress-strain relationship well.

tudes and means of stress for each cycle. In all three specimen
configurations, the results indicate that the stress response re-
mained highly stable during the tests. Based on the observation,
the failure criterion was set to a 10% decrease in the axial force
compared to the midlife value. Furthermore, the stress response
was quite symmetrical, as the means of the amplitudes were low.
However, the means are not perfectly zero, which is most likely
caused by some positive residual stresses being a consequence
of the processing history.

{apon (b o0
L O& 3.3. Fatigue life
P ‘_ f_-‘.
o A 200 Y The results of uniaxial, fully reversed, strain-controlled fatigue
e = tests are presented in Fig. 8-11 and summarized in Table 4.
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Fig. 7. Stress evolution during the fatigue tests for selected levels of
strain amplitude for specimens cut at (a) 0°, (b) 45°, and (c) 90° to the
rolling direction
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Fig. 8. e~N curves for 0° specimen cutting direction: (a) Basquin—
Manson—Coffin curve and its elastic and plastic components,
(b) Basquin—Manson—Coffin alone, (c) power curve
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Fig. 9. e—N curves for 45° specimen cutting direction: (a) Basquin—
Manson—Coffin curve and its elastic and plastic components,
(b) Basquin—-Manson—Coffin alone, (c) power curve

Typical strain-life curves were fitted first using the Basquin—
Manson—Coffin (BMC) equation [53]

_ e 17_0-} b, ¢
£a=8+8a = 5 (2Ng)"+&} (2Ny)", (2)

where o, is the fatigue strength coefficient, s} is the fatigue
ductility coefficient, b is the fatigue strength exponent, and ¢
is the fatigue ductility exponent. The curves are presented in
Fig. 8a, Fig. 9a, and Fig. 10a (black lines), together with the
elastic part fitted with the Basquin equation [54] divided by E
(green lines) and the plastic part fitted with the Manson—Coffin
equation [55, 56] (blue lines). Some data points were excluded
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from the plastic strain curve fitting. For these points, the plastic
strain is calculated as
. _de_Ac

sh=sa-s0= > -3¢ 3
and was mostly a result of noise in discrete data, as the stress-
strain response was nearly fully elastic. The threshold plastic
strain was set to 0.0005, and below this value, the points were
rejected from fitting (marked with red crosses). A nonlinear
least-square fitting based on the trust region algorithm was used
to fit the curves. Figures 8b, 9b, and 10b present the BMC curves
with 95% curves and prediction confidence bands. Although the
coeflicient of determination, RZ, reached very high values (see
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Table 4
Results of fatigue tests
0° 45° 90°
&a 2Ny Ao /2 E &a 2Ny Ao /2 E Ea 2Ny Ao /2 E

(mm/mm) | (reversals) | (MPa) (GPa) | (mm/mm) | (reversals) | (MPa) (GPa) | (mm/mm) | (reversals) | (MPa) (GPa)

0.0009 862 334 83.3 83.9 0.0010 | 1060 544 72.6 72.8 0.0010 | 2248410 76.0 76.0

0.0010 593 403 79.0 81.3 0.0015 222703 110.3 73.8 0.0015 540 403 114.6 77.0

0.0010 | 1207 005 80.1 81.8 0.0015 74703 117.2 79.3 0.0019 62 103 143.9 78.0

0.0015 129 043 120.1 80.7 0.0020 41703 156.9 79.7 0.0025 17 603 202.8 84.3

0.0015 165012 117.4 79.7 0.0025 18 903 182.4 74.1 0.0030 8583 214.5 77.6

0.0019 74 796 149.6 80.5 0.0030 7743 212.9 76.7 0.0035 2283 240.6 89.8

0.0020 67 342 143.9 72.7 0.0035 2 563 232.7 91.7 0.0040 2353 231.4 76.2

0.0030 21944 200.1 714 0.0040 1653 206.6 66.8 0.0050 743 239.0 72.8

0.0035 5775 216.7 76.8 0.0050 533 221.8 70.1 0.0060 993 250.3 71.1

0.0040 5846 221.0 71.3 0.0060 1333 226.0 67.2 0.0080 193 256.7 71.7

0.0050 1946 249.0 77.6 0.0080 713 232.7 65.6 0.0100 143 262.2 67.9

0.0050 1724 233.6 75.0 0.0100 323 261.8 64.8

0.0060 1034 239.6 73.4

0.0070 896 259.1 76.7

0.0080 585 250.9 72.7

0.0080 459 255.0 74.8

0.0090 537 252.9 68.8

0.0100 249 262.2 75.0

Table 5), the BMC curves did not follow the overall trends of the
data points perfectly well. Therefore, the data points were also
fitted using the power equation, which is identical to Basquin’s

formula
ea=C(Ny)“, 4)
Table 5
Fitting coefficients for the BMC and power strain-life equations
BMC Power curve
&’ C
E,, o } b c a
= (mm/ . (mm/ 5
(GPa) | (MPa) | () mm) =) mm) )
0 R?=0.93 R?=0.97 R?=0.99
76.3 ‘ 773.4 ‘—0.160 0.454‘—0.732 0.048‘—0.288
=l o R?=0.90 R?=0.65 R?>=0.93
8145
§ 73.6 ‘ 729.8 ‘ -0.159 | 11.41 ‘ -1.250 | 0.041 ‘ -0.285
[
= R?=0. R%=0. R%=0.
51900 0.90 0.93 0.96
76.6 ‘ 629.7 ‘ -0.135]0.203 ‘ -0.698 0.026‘ -0.232
Al R?>=0.91 R%2=0.77 R?=0.95
75.6 ‘ 720.6 ‘ -0.153 0.772‘ -0.848 0.037‘ -0.267

where C and a are the fitting coefficient and exponent, respec-
tively. All the determined strain-life curves are compared in
Fig. 11a and 11b. It can be seen from the comparison that the
orientation of the specimens regarding the sheet rolling direction
did not result in a significant impact on the fatigue life. Hence,
the strain-life curves were also fitted to the data points altogether.
As presented in Section 3.2, the stress-strain response was sim-
ilar for all the specimen groups, and the stress was quite stable
during the entire test. Therefore, based on the midlife strain hys-
teresis loops, an approximated, double-sloped S-N [57] curve
was determined (Fig. 11c). All the fitting coefficients are shown
in Table 5 and Table 6.

Table 6
Fitting coefficients for the double-sloped S-N curve

Slope 1 Slope 2

R2=0.74 R?=0.88

b1 (=)
-0.079

by (=)
-0.221

0'} | MPa) o-j’,2 (MPa)

416.7 1689.8

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 4, p. €154271, 2025
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Fig. 11. A comparison of: (a) Basquin-Manson—Coffin, (b) power e-N,
and (c) two-slope Basquin o—N curves for different specimens cutting
orientations

3.4. Fractography

Figures 12—14 present fracture surface images taken using a
JEOL JSM-6480LV scanning electron microscope (SEM). The
crack origins are marked with blue arrows, and the growth di-
rections are marked with yellow arrows.

In the case of the low-strain amplitude £, = 0.001 mm/mm,
for which the macro stress-strain response was purely elastic,
a single origin was found on the fracture surface of the 0°
specimen (Fig. 12a). The initiation zone smoothly transitions
into the growth zone and then into the ductile zone with small,
elongated dimples. For the 45° orientation, three origins were
identified (Fig. 12b). The initiation zones are larger than those in
the 0° direction and can be more clearly distinguished from the

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 4, p. e154271, 2025
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Fig. 12. Fractures of specimens loaded with &, = 0.001 mm/mm cut
at: (a) 0°, (b) 45°, and (c) 90°, with respect to the rolling direction;
(d) and (e) — magnifications
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Fig. 13. Fractures of specimens loaded with £, = 0.005 mm/mm cut at:
(a) 0°, (b) 45°, (c) 90°, with respect to the rolling direction; (d) mag-
nified fragment of (c)

propagation zones. A change to ductile fracture with dimples
is also more evident (Fig. 12d). For the 90° orientation, two
origins can be seen (Fig. 12c). The crack growth zones are
much larger than those in the other two directions, and the
marks indicating the growth direction are affected by the texture
orientation (compare Fig. 1 and Fig. 3c). The unstable crack
growth zone can be distinguished by apparent dimples. At the
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bottoms of the dimples, Al,Cu intermetallic compounds were
present (Fig. 12e) [36].

For the medium level of loading, £, = 0.005 mm/mm, the
initiation zones are much smaller (Fig. 13a), and there are nu-
merous cracks. Crack growth zones often comprise many initi-
ated separately and then coalesced cracks (Fig. 13b—13d). In the
0° direction, the crack origins are extremely small and barely
noticeable. With 45° and 90° orientations, a change to ductile
fracture is even more evident than at the lower level of loading
(Fig. 13d).

Figure 14 shows the fracture surfaces of specimens loaded
with &, = 0.005 mm/mm. The origins of single cracks were
found only (Fig. 14), and they were tiny. For the 0° direction, tire
tracks were often visible [58—60], and for the 45° direction, the
area next to the origin resembled the elongated ductile dimples.
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Fig. 14. Fractures of specimens loaded with £, = 0.010 mm/mm cut
at: (a) and (b) 0°, (c) and (d) 45°, with respect to the rolling direction

Summing up, the fracture surfaces show typical differences
between loading levels. At the low strain amplitudes, the crack
origins are bigger, compared to higher ones. The crack growth
zones are also bigger, as the loading was low enough to enable
the crack growth. In contrast, the loading levels involving the
elastic-plastic macro deformation resulted in exceedingly small
origin and crack growth areas. At medium loading, the whole
volume of material was strongly strained, and thus numerous
cracks were initiated. When the highest level of loading was ap-
plied, it resulted in single origins, and the cracks grew quickly,
leading to the failure of specimens (less than 200 cycles). There-
fore, no other crack was initiated.

4. CONCLUSIONS

Based on the results of the strain-controlled, fully reversed fa-
tigue tests of the AA2519 aluminium alloy, the following con-
clusions were drawn:
e The rolling process of the sheet resulted in a directional tex-
ture with strongly elongated grains in the rolling direction.

o Tensile tests revealed a minor impact of the structure di-

rectionality on monotonic properties. The differences in
Young’s modulus, yield stress, and ultimate tensile strength
were less than 10%. Only the total elongation at the break
of the specimen cut at 45° to the rolling direction was no-
ticeably higher than for the other two.

e The cyclic stress-strain response was quite similar to the

monotonic response. No significant cyclic hardening or soft-
ening was noted, and the cyclic yield stress was slightly
lower than the monotonic one. For most of the specimens,
the stress level remained remarkably stable during the tests.

e Fractographic analysis revealed that fracture morphologies

vary depending on the rolling direction and level of defor-
mation. The most pronounced differences were the size of
the crack initiation zone and the distinctness of transition
from the initiation zone to the growth zone.

e No important change in the fatigue life with a change in

the specimen orientation regarding the rolling direction was
observed. Assessing the results qualitatively, it can be con-
cluded that one common &-N curve can describe all the data
points well. The differences between results for specimens
cut in different directions seem not to be greater than the
statistical dispersion within one group.
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