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Abstract Reversed loading experiments were conducted to
study the influence of pre-compression on the ductility of
three aluminium alloys. Diabolo-shaped specimens were ma-
chined from extruded profiles along the transverse direc-
tion (TD), and heat treated to peak strength (T6 temper).
The specimens were subjected to five different levels of pre-
compression (0%, 10%, 20%, 30%, 40%), i.e., the specimens
were first compressed to a prescribed strain and then pulled
to fracture in tension. Using a laser-based measuring sys-
tem, the minimum diameter in the extrusion direction (ED)
and thickness direction (ND) were continuously measured
during the tests until fracture. The three aluminium alloys
AA6060, AA6082.25 and AA6082.50 had different grain
structure and texture. The AA6060 and AA6082.50 alloys
had recrystallized grain structure with equi-axed grains and
large elongated grains, respectively. The AA6082.25 alloy
had a non-recrystallized, fibrous grain structure. It was found
that pre-compression has a marked influence on the ductility
of the aluminium alloys, which depends on the microstruc-
ture and strength of the alloy. Using the compressed con-
figuration as the reference configuration, the relative failure
strain could be calculated. For the AA6060 alloy, the rela-
tive failure strain increased for increasing pre-compression,
and was approximately doubled for 40% pre-compression
compared to pure tension. For the AA6082.25 alloy, a slight
increase in the relative failure strain was observed for in-
creasing pre-compression, while for the AA6082.50 alloy the
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relative failure strain was low and approximately constant for
different levels of pre-compression.
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1 Introduction

Ductile fracture is an important field of research, and has
been so for many years. The research on ductile fracture
has mainly consisted of investigations involving monotonic
or proportional loading (e.g./Bao and Wierzbicki|2004; Bar-
soum and Faleskog|2007;|Gao et al.|2009; |Gruben et al.|[ 2011}
2012;|Graham et al.[2012} |[Faleskog and Barsoum/|2013). In
industrial applications the loading path to fracture may not
be monotonic or proportional, and information about the in-
fluence of non-monotonic and non-proportional loading on
the ductile fracture process is needed (Benzerga et al.|[2012;
Dzhli et al.|[2016; Thomas et al.|2016). An important non-
proportional loading condition is reversed loading, which is
found in many applications, e.g. crushing of tubes, impact
against offshore pipelines and some metal forming applica-
tions. To gain insight into the mechanisms involved during
non-proportional loading, experimental tests are essential.
In the literature, only a few studies have investigated the
effect of reversed loading on ductile fracture of aluminium
alloys, but for steels there are more studies that have in-
vestigated the effect. |Ludley and Drucker (1960) used bent-
beam tests to reproduce the conditions in pipe impact prob-
lems, where the loading history is composed of compression-
tension loading. For an estimated pre-compression of 60%, a
ductile-to-brittle transition was observed at room temperature.
Drucker et al.|(1960) stretched axisymmetric smooth tensile
specimens machined from cylinders first pre-compressed in
the range of 10% to 45%. The cylinders were compressed in
increments of approximately 3%, and after each increment
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the cylinders were machined to their original shape to en-
sure as uniform compression as possible. They observed that
for increasing pre-compression the tensile strain to failure
decreased for the steel.

Enami| (2005)) investigated the effect of pre-compression
on two different steels. For the SM490B steel, cleavage
fracture and reduced ductility were observed after pre-
compression, while for the TMCP steel, pre-compression
did not reduce the ductility, and no evidence of cleavage
cracks was found. [Bouchard et al.| (2008) tested two different
steels subjected to reversed loading using diabolo-shaped
specimens. They found that pre-compression increased the
ductility of both materials, but that the increase was largest
for the most anisotropic material. [Marcadet and Mohr (2015))
performed reversed loading tests on notched flat specimens
from a dual phase steel sheet. They used a floating anti-
buckling device to achieve pre-strains of up to 13%, and
observed an increase in ductility after pre-compression.

Kristoffersen et al.|(2013)) investigated the effect of pre-
compression on an X65 steel used in offshore pipelines, us-
ing diabolo-shaped specimens pre-compressed up to 100%.
They found that the ductility of the steel increased for 10%
pre-compression, but decreased for higher levels of pre-
compression, and observed cleavage fracture for extensive
pre-compressions. Further, |[Kristoffersen et al.|(2016)) used
unit cell simulations to study the fracture mechanisms af-
ter pre-compression. The unit cell simulations predicted an
increase in ductility after pre-compression unlike the exper-
imental results for pre-compressions larger than 10%. The
discrepancy between the unit cell simulations and the exper-
imental results was ascribed to the different fracture mode,
namely cleavage fracture, triggered by the pre-compression
for the X65 steel.

For aluminium alloys, [Bao and Treitler| (2004) investi-
gated the ductile crack formation in diabolo-shaped spec-
imens of an AA2024-T351 aluminium alloy subjected to
reversed loading. Three different diabolo-shaped geometries
were investigated to study the effect of different stress triaxi-
ality. They found that pre-compression reduced the ductility
of the alloy for all the geometries tested. The reduced ductil-
ity after pre-compression was attributed to particle fracture
and an increased dislocation density after pre-compression,
which accelerated the void nucleation, growth and coales-
cence in the succeeding tension stage. They also noted that
the AA2024-T351 aluminium alloy had no initial porosity
and that the effect of pre-compression might be different for
materials with an initial porosity.

Papasidero et al.| (2015) studied the effect of stress
state and loading path on the ductile fracture of the
same AA2024-T351 aluminium alloy. They performed tor-
sion/compression/tension experiments on tubular specimens.
What they observed was that both pre-torsion and pre-
compression increased the ductility of the alloy, and for

compression-tension loading the strain to fracture was in-
creased by 80%.

During reversed loading tests, several important effects
can be observed such as the Bauschinger effect and the
strength differential (SD) effect. The SD effect denotes the
difference in yield strength in compression and tension and it
might be coupled with the pressure dependency of materials.
Spitzig et al.| (1975)) investigated two steels under superim-
posed hydrostatic pressure, tested in tension and compression.
The yield and flow stress were sensitive to hydrostatic pres-
sure, but the work-hardening and SD effect were relatively
insensitive. |Spitzig and Richmond| (1984) studied the pres-
sure dependency and the SD effect of an AA1100 aluminium
alloy with an initial yield stress of approximately 25 MPa.
They found an SD effect of 0.3%, and further that the alloy
had a substantial pressure dependency.

In the present paper, the aim is to study the influence of
pre-compression on the ductility of three aluminium alloys,
i.e., to investigate the influence of pre-compression on the
strain to failure. To study this influence, reversed loading
experiments have been conducted, where diabolo-shaped
specimens were compressed to a predefined strain, and then
pulled to fracture in tension. In addition, tests have been
performed to study the microstructure at different strain levels
during the reversed loading. These tests were then used to
identify possible physical mechanisms involved in the ductile
fracture process.

2 Materials

Three aluminium alloys AA6060, AA6082.25 and
AA6082.50 were used in the reversed loading tests. The
chemical compositions of the alloys in weight percent
are given in The main difference between the
AA6082.25 and AA6082.50 alloys is that chromium has
been added to the former to prevent recrystallization in
combination with manganese. The alloys were provided by
Hydro Aluminium and were cast in a laboratory casting
machine into billets of 200 mm in diameter. These billets
were extruded in an industrial extrusion press into rectangular
profiles with a thickness of 10 mm and a width of 83 mm.
The billets were homogenised and extruded using industrial
practice. Diabolo-shaped specimens were machined from
the extruded profiles, where the specimens’ tensile axis was
oriented along the transverse direction (TD) of the extruded
profile. After machining, the specimens were solution
heat-treated, rapidly quenched in water and artificially
aged to peak strength (T6 temper) through five stages: the
specimens were 1) kept for 15 min in a salt bath at 540 °C, 2)
quenched in water, 3) stored for 15 min in room temperature,
4) kept for five hours in an oil bath at 185 °C, and 5) air
cooled to room temperature.
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Table 1: Chemical compositions of the aluminium alloys in wt%

Alloy Fe Si Mg Mn Cr Cu Zn Ti Al
AA6060 0.193 0422 0468 0.015 0.000 0.002 0.005 0.008 Bal.
AA6082.25 0.180 0.880 0.600 0.530 0.150 0.020 0.005 0.011 Bal
AA6082.50 0.200 1.020 0.670 0.540 0.001 0.003 0.005 0.010 Bal

[Fig. T|presents equivalent stress versus equivalent plastic
strain curves calibrated from smooth axisymmetric tensile
specimens of the three alloys, see Khadyko et al.|(2014) for
the experimental-numerical procedure. The smooth axisym-
metric specimens were oriented along the TD of the extruded
profiles. The curves are plotted until the point of failure in
the experiments. There is a marked difference in stress level
between the alloys, with the AA6060 alloy exhibiting the
lowest and the two AA6082 alloys the highest stress levels.
The stress level for the two AA6082 alloys is similar. Initially
the stress level is approximately 1.8 times higher than for
the AA6060 alloy. The work-hardening of the AA6060 and
AA6082.25 alloys is similar, while the AA6082.50 has a
lower work-hardening rate. There is a marked difference in
the failure strain between the alloys. The failure strain for the
AA6060 alloy is approximately two times higher than for the
AA6082.25 alloy, which is approximately three times higher
than for the AA6082.50 alloy.
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Fig. 1: Equivalent stress versus equivalent plastic strain
curves for the three alloys (AA6060 and AA6082.25 from
Khadyko et al.|2014)

3 Experimental procedures
3.1 Mechanical testing

Reversed loading tests were performed to study the influence
of pre-compression on the ductile fracture properties of the
alloys. Diabolo-shaped specimens were selected to prevent
barrelling and buckling at large compressive strains. The
specimens were machined from the centre of the extruded
profile, oriented along TD, and had a minimum diameter of
6.4 mm with a notched radius of 3.6 mm. illustrates
the specimen geometry.
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Fig. 2: Geometry of the test specimen

A displacement controlled Zwick testing machine was
used with a constant cross-head velocity of 0.50 mm/min.
The force and minimum diameter of the specimen in two or-
thogonal directions were continuously measured during the
test until fracture. An in-house measuring system with two
orthogonal lasers was used to measure the minimum diame-
ters in the extrusion direction (ED) and thickness direction
(ND) of the specimen. The system consists of a high-speed,
contact-less AEROEL XLS13XY laser gauge with 1 um
resolution, mounted on a mobile frame. Operation of the
mobile frame ensured that the diameters at the minimum
cross-section were measured during the test. The setup of the
tests is presented in[Fig. 3] Special connectors were used to
fasten the specimen in the testing machine to ensure a smooth
transition from compression to tension loading.

Assuming an elliptical shape of the deformed cross-
section, one can calculate the current cross-sectional area
as

A= —D\D, ey
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Fig. 3: Setup of the reversed loading tests: () specimen,
@ connector, B3) load cell, @ laser micrometer, (5 vertical
adjustment, @ display connected to the computer

where D; and D, are the measured diameters in ED and ND,
respectively. The true stress can be expressed as

F
o=~ @

where F is the measured force. Also assuming plastic in-
compressibility and negligible elastic strains, the logarithmic
strain can be calculated as

€=In (%) ®)

where Ay = %D% is the initial cross-sectional area and Dy is
the measured initial minimum diameter. Note that the calcu-
lated true stress and logarithmic strain measured are average
values over the minimum cross-section of the specimen.

For each alloy 15 specimens were tested in three se-
ries (series 1, 2 and 3) with five different levels of pre-
compression. These specimens were first compressed to a
predefined strain level (0%, 10%, 20%, 30% and 40% pre-
compression) and then pulled to fracture in tension. To study
the microstructure at different stages during the reversed
loading, four, five and six additional specimens (series 4)
were tested for the AA6060, AA6082.25 and AA6082.50
alloys, respectively. Four specimens for each alloy in test
series 4 were successfully completed. These specimens were
subjected to 0%, 10% and 40% pre-compression. Three sam-
ples were stopped and unloaded close to failure in tension,
while the last specimen was subjected to 40% compression
and unloaded. A summary of the tests carried out is presented
in[Iable 2|

3.2 Microstructure characterisation

Samples from the three alloys were mechanically ground
and polished. Back scattered electron (BSE) micrographs of
the samples, showing the constituent particles, were taken
in a Hitachi SU-6600 FESEM operated at 5.0 kV. To reveal
the grain structure under polarised light in the optical micro-
scope, the samples were anodised at room temperature for
two minutes using HBF,.

The electron back-scatter diffraction (EBSD) technique
was used to obtain the crystallographic texture, operating
the Hitachi SU-6600 FESEM at 20 kV. The EBSD mea-
surements were carried out in the ED-ND plane for the
AA6060 and AA6082.25 alloys and in the ND-TD plane for
the AA6082.50 alloy, due to the shape of the large elongated
grains, using a step size of 10 um, 5 um and 8 um, respec-
tively. A total of 2611, 25512 and 1565 grains were measured
for the AA6060, AA6082.25 and AA6082.50 alloys, respec-
tively. The orientation distribution functions (ODF) were
calculated using a harmonic series expansion and orthotropic
sample symmetry with a series rank of 23 and Gaussian
smoothing of 7°.

Fracture surfaces of the failed specimens were investi-
gated in a Zeiss Gemini Supra 55 VP FESEM operated at 10
kV. A selection of the fractured specimens (series 1, 2 and
3) and the specimens stopped during the reversed loading
(series 4) were sliced along the ND-TD plane, i.e., along
the specimen axis, and the sliced surface was polished and
investigated in the scanning electron microscope (SEM) to
unveil the fracture mechanisms. In addition, the sliced sur-
face was polished and anodised to study the grain structure
after fracture in an optical microscope.

The specimens of test series 4 were further ion-milled at
4kV for 5 min with a 85° tilt. This was done to remove any
excess material that might have been polished into any of the
possible voids present on the polished surface.

4 Results
4.1 Initial microstructure

The grain structure of the three alloys is presented in[Fig. 4]
The AA6060 alloy has a recrystallized, equi-axed grain struc-
ture with a grain size of approximately 60-70 um. In con-
trast, the AA6082.25 alloy exhibits a typical fibrous, non-
recrystallized grain structure with grains that are several mil-
limetres long in the ED, about 10 um in the ND and about
150 um in the TD of the profile. In addition, the fibrous
structure comprises sub-grains approximately 2-10 ym in
diameter with low-angle grain boundaries. The AA6082.50
alloy has a recrystallized grain structure with large elongated
grains that are about 300-400 um wide and several millime-
tres long.
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Table 2: Test matrix

Test number

Pre-compression

Series 1 Series 2 Series 3 Series 4
All alloys AA6060 AA6082.25 AA6082.50
0% 1 2 16 16,17 16,17
10% 4 5 17 18 18
20% 7 8 - - -
30% 10 11 - - -
40% 13 14 18,19 19,20 19,20,21

(2) AAG060

(b) AAG082.25

I
1 mm

I
I mm

(c) AA6082.50

Fig. 4: Grain structure of the three alloys (AA6060 and AA6082.25 from Khadyko et al.2014)

(2) AAG060

(b) AAG082.25

(c) AA6082.50

Fig. 5: Distribution of constituent particles in the three alloys

illustrates the size and distribution of the con-
stituent particles. These particles are lined up in stringers
along the ED, and the distribution is reasonably similar for
the three alloys. The measured area fraction of particles is
fp =0.0093, f, =0.0120 and f,, = 0.0139 for the AA6060,
AA6082.25 and AA6082.50 alloys, respectively.

The crystallographic texture of the alloys is presented as
ODFs in[Fig. 6 A strong cube texture with a minor Goss com-
ponent is observed for the AA6060 alloy. The AA6082.25
alloy exhibits a cube texture with orientations along the 3-
fibre, which goes from the copper to the brass orientation,
through the S component. For the AA6082.50 alloy, a rotated
cube texture is observed, with an approximate 45° rotation
about the ND.

The grain structure and crystallographic texture of the
AAG6060 and AA6082.25 alloys were obtained by

etal] 2014).

4.2 Stress-strain response

True stress and logarithmic strain were calculated from the
force and diameter measurements for the reversed loading
tests, see Egs. [T}3] and the resulting stress-strain curves are
presented in

The Bauschinger effect is observed after load reversal and
reaches its maximum at around 10% pre-compression. For
larger pre-compression levels, the Bauschinger effect gradi-
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Fig. 6: Orientation distribution functions for the three alloys, showing sections for ¢, = 45°, 65° and 90°

ally decreases for all three alloys. Note that the Bauschinger
effect is amplified by the triaxial stress field in the notched
area of the specimen.

Another noticeable feature is that the initial yield stress
and the flow stress at small plastic strains are higher in com-
pression than in tension, i.e., the three alloys exhibit the
strength differential (SD) effect. The SD effect has also been
observed by others, e.g., Spitzig and Richmond| (1984); [Wil;
son|(2002); [Bai and Wierzbicki (2008). The physical origin
of the SD effect has not been established for the present ma-
terials, but |Spitzig and Richmond! (1984)) suggested that it
is linked to the effect of hydrostatic pressure on dislocation
motion.

The yield stress at 0.2% plastic strain in tension and
compression as well as the re-yielding stress at 0.2% plastic
strain after load reversal are given in for the three
alloys. The re-yielding stresses are lower than the initial
yield stress due to the Bauschinger effect. For the AA6060
and the AA6082.50 alloys, the re-yielding stress increases
with increasing pre-compression, while for the AA6082.25

alloy the re-yielding stress is almost independent of pre-
compression.

The measured Lankford coefficients, giving the ratio be-
tween the incremental strain in ED and ND, for pure tension,
compression and in tension after pre-compression are given
in[Table 4l The Lankford coefficients are different in tension
and compression, and between the alloys. Accordingly, the
cross-section of the specimens evolve differently for each
alloy. Note that since the calculated logarithmic strains are
average values over the cross-section of the specimen, locally
the strains could be significantly different between the alloys
due to differences in the cross-section geometry. Only small
differences are seen in the Lankford coefficients in tension
after pre-compression to different levels.

It is seen in[Fig. 7] that the AA6082.25 alloy exhibits soft-
ening at relatively large compressive strains. As the compres-
sion increases beyond approximately 20%, the magnitude of
the true stress decreases for the AA6082.25 alloy, whereas
the magnitude of the true stress increases monotonically with
increasing compression for the AA6060 and AA6082.50 al-
loys. This softening is related to the grain structure of this
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Fig. 7: True stress versus logarithmic strain curves for the three alloys to failure from test series 1, 2 and 3. The point of failure
is indicated with a cross

Table 3: Yield stresses at 0.2% plastic strain, 0y 2, and re-yielding stresses after pre-compression, with standard deviations

Allo Tension Compression Re-yielding after Re-yielding after Re-yielding after Re-yielding after

Y P 10% pre-compression ~ 20% pre-compression  30% pre-compression ~ 40% pre-compression
AA6060 207.0+£4.7MPa  —221.4+5.8 MPa 184.7£5.6 MPa 187.6+£9.2 MPa 195.4+£5.5 MPa 201.8+4.3 MPa
AA6082.25 362.7+£102MPa —381.6+7.0 MPa 272.9+3.5 MPa 269.2+6.4 MPa 269.6+3.9 MPa 269.1+6.1 MPa
AA6082.50 356.3+13.5MPa —391.6+£8.9 MPa 283.7+1.2 MPa 305.1+2.8 MPa 315.14+5.7 MPa 315.8+8.1 MPa

Table 4: Measured Lankford coefficients in tension, compression and in tension after pre-compression, with standard deviations

Allo Tension Compression In tension after In tension after In tension after In tension after

Y P 10% pre-compression  20% pre-compression  30% pre-compression  40% pre-compression
AA6060 1.27+£0.01 1.36£0.10 1.35+£0.01 1.37£0.04 1.43+£0.05 1.50£0.13
AA6082.25 0.97+0.01 0.95+0.02 0.96+0.01 0.94+0.01 0.934+0.00 0.91£0.01

AA6082.50 0.36+0.05 0.5540.05 0.45+0.04 0.45+0.05 0.38+£0.05 0.42+0.08
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alloy, as the thin, elongated grains, seen in[Fig. 4b] are more
eligible to "internal buckling” in compression under the su-
perimposed multiaxial stress state, see Section[4.5]

shows that the response after pre-compression also
vary among the alloys. For the AA6060 alloy, the point of
failure occurs within a narrow range of strain values, i.e., the
failure strain is almost independent of pre-compression. Con-
versely, the point of failure of the AA6082.25 and AA6082.50
alloys is clearly dependent of pre-compression. The AA6060
alloy does not exhibit a marked drop in load level at failure, in-
stead the load decreases steadily towards zero. Therefore, the
point of failure for the AA6060 alloy is defined as the point
where a distinct change in the slope of the true stress versus
logarithmic strain curve is observed. For the AA6082.25 and
AA6082.50 alloys, the point of failure is defined as the point
where a marked drop in the load level occurs. The point of
failure is indicated with a cross in[Fig. 7]

4.3 Effect of pre-compression on the ductility

As shown in the point of failure for the AA6060
alloy occurred within a narrow range of strain values for
different levels of pre-compression, while the strain at failure
decreased for the AA6082.25 and AA6082.50 alloys with
increasing pre-compression. presents the influence of
pre-compression on the failure strain and the relative failure
strain. The relative failure strain is here defined as the strain
to failure measured with respect to the compressed configu-
ration. Hence, the strain to failure is given by &7 = In(40/4,),
where Ay is the measured cross-sectional area at failure, and
the relative failure strain is defined as €, = £ — &y = In(4/4,),
where & = In(40/4,) is the measured strain and A, the mea-
sured cross-sectional area at load reversal. Note that due to
the change of the specimen geometry after pre-compression,
the stress triaxiality in the specimen will change, and proba-
bly influence the point of failure. As a result, the measured
failure strains will depend to some extent on geometrical
effects as well as load reversal effects.

From [Fig. 8one can see that pre-compression has a sig-
nificant influence on the ductility of the aluminium alloys.
For the AA6060 alloy, the failure strain is approximately con-
stant with respect to pre-compression, resulting in a marked
increase in the relative failure strain and the ductility of the
alloy. Note that here we define ductility as the deformation
capability of the material subsequent to the pre-deformation.
For a pre-compression of 40%, the relative failure strain is ap-
proximately doubled with respect to the case of pure tension.
A decrease in the failure strain is observed for the AA6082.25
alloy, but the relative failure strain and thus the ductility of the
alloy increases with increasing pre-compression. However,
the increase in the relative failure strain is not nearly as large
for the AA6082.25 alloy as for the AA6060 alloy. The failure

strain of the AA6082.50 alloy decreases with increasing pre-
compression, and the decrease is approximately equal to the
level of pre-compression. This results in an approximately
constant relative failure strain, and, accordingly, the ductil-
ity of the alloy is almost independent of pre-compression.
In one can observe this by the tension part of the
true stress-logarithmic strain curves after pre-compression
being reasonably similar for all the levels of pre-compression
tested.

The data visualized in together with the true
stress at failure 6y and the maximum true stress Gj,qy are
given in Tables 5} [ and [7] for the AA6060, AA6082.25 and
AA6082.50 alloys, respectively. Both oy and Gy, increase
with increasing pre-compression for the AA6060 alloy and
decrease for the AA6082.25 alloy. For the AA6082.50 alloy,
oy and Oy, increase from 0% pre-compression to approxi-
mately 20% and then start to decrease.

4.4 Fracture investigation

To get a deeper understanding of the mechanisms involved
during the reversed loading process, a fractographic analysis
of the tested specimens was performed. presents the
fracture surfaces for the three alloys subjected to pure ten-
sion (0% pre-compression) and 40% pre-compression. The
three alloys exhibit different fracture surfaces. The AA6060
alloy displays cup-and-cone fracture, indicating that fracture
initiates at the centre and grows outwards. The fracture sur-
face has a diamond shaped cross-sectional area. Also the
AA6082.25 alloy exhibits cup-and-cone fracture but the frac-
ture surface is circular, consisting of a flat middle section
and shear lips towards the edge. In contrast, the AA6082.50
alloy displays a shear failure mode which is a result of the
large grains. Dark lines crossing the fracture surface indicate
intercrystalline fracture along grain boundaries.

With increasing pre-compression the fracture surfaces
change, and for 40% pre-compression the fracture surface of
the AA6060 alloy is more elliptical than the clear diamond
shape observed for pure tension. The fracture surface of
the AA6082.25 alloy subjected to 40% pre-compression is
similar, but the fracture area is larger than for pure tension,
indicating a lower fracture strain. The shear fracture mode
observed for the AA6082.50 alloy becomes stronger with
increasing pre-compression, and the cross-sectional area is
also larger and more elliptical than for pure tension.

[Fig. 10| presents the fracture surfaces with a higher mag-
nification in the centre of the specimens shown in
Primary particles can be seen in the bottom of the many dim-
ples indicating ductile fracture involving nucleation, growth
and coalescence of voids. Even though particles are not ob-
served in the bottom of all the dimples one can not exclude
the presence of them. Particles may be present in the opposite
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Fig. 8: Failure strain and relative failure strain versus pre-compression level for the three alloys based on test series 1, 2 and 3.
The failure strain and the relative failure strain are as given in Tables[3] [6]and [7] The relative failure strain is the strain to

failure measured with respect to the compressed configuration

fracture surface or have fallen out during preparation. Study-
ing the dimples and the particles more closely, see[Fig. 11]
one can observe cracked particles in some of the dimples. As
a result, voids may have been nucleated from primary parti-
cles either by decohesion or by particle cracking (Maire et al.
2011)), or the voids may have been pre-existing in the mate-
rial (Campbell 2011} [Toda et al.|2013)) prior to the reversed
loading. A combination of these mechanisms is probably in
operation. This will further be investigated in Section #.5]

Different dimple structures are observed on the fracture
surfaces of the three alloys and for the specimens subjected
to different levels of pre-compression. The dimples observed
can be categorised into two main categories, i.e., a low den-
sity of coarse dimples and a high density of fine dimples.

These fine dimples, without particles, indicate that also other
mechanisms are involved, e.g. voids may be created in the
junction points of interacting slip planes (Pedersen et al.
2008)).

For the specimens subjected to pure tension, fracture is
mainly transcrystalline for all three alloys, however some ar-
eas of intercrystalline fracture are observed. The fracture sur-
faces of the AA6060 and AA6082.25 alloys pre-compressed
to 40% are also mainly comprised of transcrystalline fracture
as in the samples subjected to pure tension. The fracture sur-
face of the AA6060 alloy subjected to 40% pre-compression
has fewer areas of intercrystalline fracture than the one sub-
jected to pure tension, while for the AA6082.25 alloy no
difference is found. In contrast, the fracture surface of the
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Table 5: Results from test series 1, 2 and 3 for the AA6060 alloy

Test No Pre-strain  Failure strain ~ Relative failure strain ~ Failure stress ~ Max true stress
& Sf & = Sf —& Oy [MPa] Omax [MPa]
1 0.000 0.406 0.406 288.9 292.0
2 0.000 0.366 0.366 298.0 300.6
3 0.000 0.344 0.344 297.1 300.0
4 -0.102 0.299 0.401 288.7 290.9
5 -0.099 0.279 0.378 298.4 302.1
6 -0.100 0.273 0.373 297.2 300.6
7 -0.208 0.305 0.513 297.5 301.3
8 -0.223 0.279 0.502 309.0 312.5
9 -0.199 0.333 0.532 296.9 299.9
10 -0.294 0.315 0.609 302.0 305.9
11 -0.302 0.268 0.570 309.4 312.7
12 -0.297 0.322 0.619 314.0 317.0
13 -0.401 0.379 0.780 320.5 3229
14 -0.398 0.265 0.663 317.3 319.4
15 -0.395 0.371 0.766 317.1 319.6

Table 6: Results from test series 1, 2 and 3 for the AA6082.25 alloy

Test No Pre-strain  Failure strain  Relative failure strain ~ Failure stress ~ Max true stress
& & & =€ —& oy [MPa] Omax [MPa]
1 0.000 0.223 0.223 499.7 501.1
2 0.000 0.209 0.209 494.8 496.8
3 0.000 0.208 0.208 497.8 501.7
4 -0.097 0.161 0.258 495.1 496.5
5 -0.098 0.153 0.251 494.5 496.3
6 -0.100 0.157 0.257 491.8 493.2
7 -0.216 0.045 0.261 481.4 483.2
8 -0.200 0.064 0.264 484.0 485.6
9 -0.200 0.062 0.262 482.0 482.8
10 -0.299 -0.022 0.277 471.9 474.8
11 -0.301 -0.015 0.286 474.1 474.4
12 -0.296 -0.029 0.267 476.1 476.7
13 -0.410 -0.129 0.281 465.5 468.7
14 -0.401 -0.111 0.290 466.5 466.9
15 -0.397 -0.126 0.271 469.1 469.6

Table 7: Results from test series 1, 2 and 3 for the AA6082.50 alloy

Test No Pre-strain  Failure strain ~ Relative failure strain ~ Failure stress  Max true stress
) & & =€—8& oy [MPa] Omax [MPa]
1 0.000 0.084 0.084 453.8 467.0
2 0.000 0.098 0.098 442.5 460.8
3 0.000 0.082 0.082 4339 451.6
4 -0.100 0.036 0.136 440.7 471.4
5 -0.098 0.010 0.108 472.9 478.9
6 -0.096 0.023 0.119 462.2 475.2
7 -0.195 -0.090 0.105 468.8 470.5
8 -0.197 -0.106 0.091 463.6 470.3
9 -0.195 -0.095 0.100 465.7 475.4
10 -0.296 -0.166 0.130 455.0 469.1
11 -0.297 -0.179 0.118 437.7 456.1
12 -0.297 -0.201 0.096 461.8 465.0
13 -0.394 -0.303 0.091 439.3 454.7
14 -0.395 -0.285 0.110 447.8 453.7
15 -0.395 -0.342 0.053 441.9 451.3
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Fig. 9: Fracture surfaces for the three alloys: pure tension, test Nel, (left) and 40% pre-compression, test Nel13 (right)

AA6082.50 alloy subjected to 40% pre-compression has
fewer areas with large dimples, and the dimples are smeared
out over the fracture surface.

Studying the dimples more closely one can see that the
depth of the dimples varies between the alloys and with dif-
ferent levels of pre-compression; the general trend being
that the dimple depth increases with increasing tensile ductil-

ity. The deepest dimples are observed for the AA6060 alloy.
The AA6082.25 alloy has more shallow dimples and the
AA6082.50 has the most shallow dimples of the three alloys.
For the AA6060 alloy, the dimples of the specimen subjected
to 40% pre-compression are deeper than the dimples ob-
served for the specimen subjected to pure tension. On the
contrary, the dimples of the AA6082.25 and the AA6082.50
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Fig. 10: Local fracture surfaces for the three alloys: pure tension, test Nel, (left) and 40% pre-compression, test Ne13 (right)

alloys get more shallow with increasing pre-compression.

For the AA6082.25 alloy, this is better seen in[Fig. T} where
both the difference in depth and the cracked particles in the
bottom of the dimples can be observed. also reveals
small areas of intercrystalline fracture with a high density
of smaller dimples. It is reasonable to assume that smaller
dimples are caused by void growth within the precipitation

free zones (PFZs), possibly nucleated at grain boundary pre-
cipitates (Chen et al 2009).
4.5 Microstructure investigation

Owing to the observed decrease in stress level for the
AA6082.25 alloy after approximately 20% compression, seen
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Fig. 12: Deformed grain structure after 40% compression for the AA6082.25 alloy

in Section £.2] the samples of test series 4 compressed to
40% were investigated in the optical microscope. [Fig. 12|
presents the deformed grain structure in the notched area
for the AA6082.25 alloy. The aligned grain structure, seen
initially in has been deformed and a wavy grain
pattern is observed. In the centre of the specimen, “’internal
buckling” of the elongated grains is seen, and further towards
the periphery the grains are curved and have rotated due to
the compression. Crossing shear bands are observed in the
notched area extending from the bottom left to the top right
(lighter area). This evolution in grain structure is assumed
to cause the reduction in stress level observed at large com-
pressive strains. For the AA6060 alloy, the grains are rotated
and contains slip bands. The AA6082.50 alloy, having large
grains, contains coarse slip bands after deformation.

To investigate the mechanisms involved in the fracture
process for these alloys more closely, selected specimens
of test series 4 were prepared and investigated in the SEM.
Cracked particles can be observed in the samples, see|Fig. 13
Fully or partially cracked particles are also found in unde-
formed samples. These particles have cracked during the
extrusion process. It is noted that the particles are larger
in the two AA6082 alloys than in the AA6060 alloy. The
AA6060 alloy contains constituent particles of type AlFeSi,
while the two AA6082 alloys contain constituent particles
of type AlFeSiMn. In the samples compressed to 40%, it is
difficult to distinguish cracked particles from particles that
are not cracked, and therefore the fraction of cracked par-
ticles in the alloys could not be determined. There are few
visible voids in the samples, which was also the case for the
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Fig. 13: Cracked particles in the three alloys after 40% compression (left) and after 40% pre-compression followed by tension
and unloading close to failure (right). The loading direction is vertical

undeformed samples. [c|and [e]display a selection of ~ The voids observed to form between cracked particles in the
the observed cracked particles. AA6082.25 alloy were in general found to be less developed
than those observed for the AA6060 alloy. This indicate that
. ] the fracture process is more localised for the AA6082.25
and typically between cracked particles. For the AA606,0 alloy than for the AA6060 alloy, which is reasonable given
alloy, th-e samples pre-compressed to 40% and stretched dis- the markedly higher stress level in the AA6082.25 alloy.
play voids formed between cracked particles, see [Fig. 13b

After tension a larger number of visible voids are seen,
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Only small voids are seen between cracked particles in
the samples stretched close to failure for the AA6082.50
alloy, and the samples are similar to the one compressed
to 40% without stretching. For this alloy, one of the tests
pre-compressed to 40% and stretched, was stopped right
after a visible crack had developed in the gauge area. Inves-
tigating this sample, one can observe cracked particles with
voids similar to the AA6082.25 alloy near the crack tip, see
Hence, the fracture process for both the AA6082.25
and AA6082.50 alloys appears more localised than for the
AA6060 alloy. Note that the darker areas visible in[Fig. 13d]
are caused by the ion-milling process.

5 Discussion

The tensile ductility of the three alloys without pre-
compression was markedly different, see Figs.[T|and[7] The
high ductility of the AA6060 alloy compared with the two
AA6082 alloys is linked to the large difference in strength. It
has been shown in several studies that the tensile ductility of
aluminium alloys varies with the yield strength, and for simi-
lar microstructure the relation tends to be linear (e.g.|Lloyd
2003 Westermann et al.[2014} |[Pedersen et al.[2015)). The dif-
ference in tensile ductility between the two AA6082 alloys is
explained by the large grains of the AA6082.50 alloy, which
was a result of recrystallization and grain growth subsequent
to the solution heat treatment. The influence of grain size on
the mechanical properties of AIMgSi alloys has been studied
by [Lohne and Naess| (1979). They found that larger grain
sizes increased the amount of intercrystalline fracture and
reduced the ductility (measured as area reduction at fracture).

The evolution of the relative failure strain, or tensile
ductility, with pre-compression level varied between the al-
loys. While the tensile ductility increased markedly for the
AA6060 alloy, it increased slightly for the AA6082.25 alloy
and was about constant for the AA6082.50 alloy. A reason-
able conjecture which explains the observed difference is that
for the lean AA6060 alloy damage is mainly due to growth of
existing voids in the vicinity of primary particles (Campbell
2011} [Toda et al.[2013)), while for the two AA6082 alloys
the stress level is sufficiently high to make void nucleation a
more favourable mechanism for damage evolution (Pineau
et al.|[2016).

The fracture surfaces of the aluminium alloys mainly
exhibited transcrystalline fracture with some areas of inter-
crystalline fracture. The PFZ located adjacent to the grain
boundaries are assumed to be the cause of intercrystalline
fracture (Lohne and Naess|[1979). The measured width of
the PFZs over high-angle grain boundaries for these alloys,
based on transmission electron microscopy (TEM) investiga-
tions, is approximately 150 nm and 70 nm for the AA6060
alloy and the two AA6082 alloys, respectively (Christiansen
2017). Crack initiation and growth will occur more easily in

the PFZs as the strain will localize in these weaker zones (see
e.g. Dowling and Martin|1976; Morgeneyer et al.[2008;|Chen
et al.|2009; Hoang et al.|[2015} Khadyko et al.|2016). The
amount of intercrystalline fracture was seen to decrease with
increasing pre-compression for the AA6060 alloy, which
contributes to the increased tensile ductility of this alloy. A
reasonable explanation for this observation is strengthening
of the PFZs during compression. Due to the much wider PFZ
in the AA6060 alloy, strengthening of the PFZ is deemed to
be more favourable for this alloy.

The clear diamond shape observed for the AA6060 alloy
is caused by the sharp cube texture combined with the super-
imposed triaxial stress field. Khadyko et al.| (2015) accounted
for the strong cube texture of an extruded and naturally aged
AA6060 alloy. They performed crystal plasticity finite ele-
ment simulations of notched tension tests, and obtained a
similar diamond-shaped cross-section at large deformations.

Since the area calculations are based on an elliptical shape
of the minimum cross-section area (see Section [3.1)), the
diamond shape observed for the AA6060 alloy will introduce
uncertainties in the calculated area at large strains. Based on
the crystal plasticity finite element simulations performed by
Khadyko et al.| (2015)), the error is estimated to be at most
10% at failure.

The texture of the alloys will evolve and change during
compression. Preliminary crystal plasticity finite element
simulations indicate that the cube texture component of the
AA6060 and AA6082.25 alloys weakens during compression.
Conversely, the rotated cube texture seen for the AA6082.50
alloy strengthens during compression. The weaker cube tex-
ture, together with the deformation of the notch geometry,
i.e., a lower curvature of the notch after pre-compression,
will contribute to the change from a diamond to a more oval
shaped fracture surface for the AA6060 alloy, seen in
Albeit the anisotropic deformation is significantly different
for the alloys, the main failure mechanisms appear to be
similar.

6 Concluding remarks

The influence of pre-compression on the ductility of three alu-
minium alloys heat-treated to peak strength (T6 temper) was
studied by conducting reversed loading experiments on dia-
bolo specimens machined from extruded profiles. The three
aluminium alloys, AA6060, AA6082.25 and AA6082.50, had
different grain structure, grain size and texture. A laser-based
measuring system was used to continuously measure the di-
ameters in the extrusion and thickness directions, allowing
for the calculation of the logarithmic strain to fracture. Three
series with five different levels of pre-compression were con-
ducted, in which the specimens were first compressed to a
predefined strain value and then pulled in tension to fracture.
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It was found that the failure strain for the AA6060 alloy
was almost constant for different levels of pre-compression.
Using the compressed configuration as the reference config-
uration the relative failure strain was observed to increase,
resulting in an increased tensile ductility for increasing pre-
compression, and for 40% pre-compression the tensile duc-
tility of the AA6060 alloy was approximately doubled com-
pared to pure tension. For the two other alloys, the failure
strain was seen to depend on the level of pre-compression,
resulting in a decrease in the failure strain for increasing
pre-compression. The AA6082.25 alloy had a slight increase
in tensile ductility for increasing pre-compression, whereas
the AA6082.50 alloy had an approximately constant tensile
ductility for the levels of pre-compression tested.

It is concluded that pre-compression has a marked influ-
ence on the tensile ductility of the aluminium alloys, and
this influence depends on both the microstructure and the
strength of the alloy.

The physical mechanisms governing the tensile ductility
after pre-compression to various levels have not been estab-
lished in this study. To further investigate the influence of
the stress level, additional reversed loading experiments are
planned on two other tempers of the three alloys, namely
temper O (annealed) and temper T7 (overaged). In addition,
further work will focus on simulations of the reversed loading
experiments using crystal plasticity finite element methods,
anisotropic metal plasticity and unit cell computations. The
numerical study will give insight into the texture development
during the loading sequence, the stress and strain distribution
over the minimum cross-section area of the specimen and the
damage evolution in these anisotropic alloys.
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