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ARTICLE INFO ABSTRACT

Keywords: Tension tests on smooth and notched specimens were conducted for four 6000-series aluminium alloys to assess
Alunflfllum the effects of constituent particles on ductile fracture at different stress states. Two of the alloys are engineering
Ductility materials, while the remaining two were tailor-made to be similar to the engineering materials but with more
Fracture

than three times the amount of constituent particles. The microstructure of both isotropic (cast and homoge-
nised) and anisotropic (extruded) materials was characterised using scanning electron microscopy (SEM), optical
microscopy and X-ray diffraction. Axisymmetric smooth and notched specimens were machined from cast and
homogenised billets and extruded profiles. All specimens were tested in the artificially aged T6 temper. The
specimens were strained in tension until fracture, and the fracture surface of the specimens was later investigated
based on SEM images. The experiments show that the ductility is significantly improved by extrusion, while a
high stress triaxiality and a high volume fraction of large-sized constituent particles have a detrimental effect on
the ductility. However, the negative effect of the increased particle volume fraction on ductility was markedly
reduced after extrusion. The experiments also indicated that a larger amount of constituent particles may

Constituent particles
Tensile tests

improve the ductility under certain conditions.

1. Introduction

Aluminium alloys have found many applications as engineering
materials owing to their high strength-to-weight ratio, good formability
and excellent corrosion resistance. Transportation and construction are
typical sectors where the application of aluminium is well suited and
environmentally friendly. In the automotive industry, components made
of aluminium alloys are highly efficient as crash absorbers, and the
application of aluminium for weight reduction improves the fuel effi-
ciency. The global demand of aluminium is high, and it is expected to
increase by 50% within year 2050, which means that recycling is
required to reach the emission reduction goals [1]. Aluminium recycling
is not without problems, as the amount of silicon (Si) and iron (Fe) ac-
cumulates during recycling [2], and these alloying elements are a known
source of constituent particles due to their low solubility in aluminium
[3]. A larger amount of constituent particles may reduce the ductility, as
the constituent particles act as nucleation sites for microvoids.

Ductile fracture occurs by nucleation, growth and coalescence of
microvoids, see e.g. Refs. [4,5]. Nucleation of microvoids at constituent
particles has been observed to occur by several mechanisms. Beremin
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[6] identified voids which nucleated by cracking of the constituent
particles and also by decohesion between the constituent particles and
the matrix material. The former was also reported by Frodal et al. [7].
Microvoids have in addition been observed prior to deformation by Toda
et al. [8] in the form of hydrogen filled pores in the vicinity of constit-
uent particles. Experiments conducted by Babout et al. [9] showed that
the nucleation mechanism may be influenced by the hardness of the
matrix material. Several authors, such as Beremin [6], Lassance et al.
[10], Achourietal. [11] and Agarwal et al. [12,13], have experimentally
shown that the stress state may influence the nucleation mechanism.
Beremin [6], Agarwal et al. [12], and Gurland and Plateau [14] address
the effect of the loading direction relative to the orientation of the
constituent particle upon void nucleation, and conclude that there is a
correlation.

Void growth is governed by plastic straining, and several studies
have found that parameters such as the stress triaxiality accelerate the
void growth, see e.g., Agarwal et al. [13], Weck et al. [15] and Benzerga
et al. [16]. Experiments conducted by Benzerga et al. [16] revealed
anisotropic void growth rates, and the authors attributed this effect to
the anisotropic plastic flow of the matrix material. The distortion of
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voids, which usually occurs at lower triaxialities, has been observed by
Achouri et al. [11]. In some cases, the constituent particle has been
found to constrain the void deformation. This phenomenon is known as
void locking and has been found in experiments conducted by Babout
et al. [9] and Benzerga et al. [16].

Several void coalescence mechanisms have been distinguished
experimentally. Benzerga et al. [16] document necklace coalescence,
which typically occurs at lower stress triaxialities. Coalescence of voids
by necking of the inter-void ligament is also reported by Benzerga et al.
[16] and Weck et al. [17]. Micro-shearing between voids has been
observed as a coalescence mechanism in several studies, e.g. Cox and
Low [18] and Weck and Wilkinson [19]. Experiments performed by
Weck et al. [17] and Weck and Wilkinson [19] suggest that the occur-
rence of these coalescence mechanisms depends upon the void spacing,
the orientation of the voids relative to the loading direction, and the
nucleation of secondary voids. Hannard et al. [20] link anisotropy in the
failure strain to the spatial distribution of clusters and to inter-cluster
coalescence. Kondori et al. [21] substantiate this notion and further
observe that coalescence may occur in certain directions before others
due to the heterogeneous distribution of constituent particles.

By tailoring materials, certain aspects of the mechanisms involved in
ductile fracture may be isolated and their significance on chosen metrics
assessed. Tailor-made materials, or model materials, are not new within
ductility research. For example, Babout et al. [9] embedded spherical
particles into two different aluminium matrix materials by using powder
metallurgy to assess the void nucleation mechanisms. In a similar
fashion, Weck et al. [15] used powder metallurgy to create composite
axisymmetric specimens with different amounts of large spherical par-
ticles in the inner core to study the effect of stress triaxiality on void
growth. Lassance et al. [10] altered the temperature and time of the
homogenisation procedure to investigate the detrimental effects of
B-particles on the fracture strain, whereas Kato et al. [22] and Remge
et al. [23] used aluminium alloys cast in research laboratories to assess
the effect of different alloying elements on ductility. Hannard et al. [24]
utilised friction stir welding to break up and rearrange particles to
investigate the effect of clustering. By considering aluminium alloys
with three different heat treatments, Frodal et al. [7] investigated the
effect of work hardening on ductile fracture under reversed loading
conditions. In Frodal et al. [25], the effect of quench rate after solution
heat treatment on the plastic flow and fracture of three artificially aged
aluminium alloys with different grain structure and texture was studied.

In this study, we use two of the engineering alloys studied by Tho-
mesen et al. [26] as a basis for two new tailor-made alloys which contain
a much larger amount of constituent particles while maintaining the
same matrix material as the base alloys. Since the strength and work
hardening properties are similar for the tailor-made alloy and the cor-
responding engineering alloy, the effect of the higher constituent par-
ticle content on ductility can be investigated. The two tailor-made alloys
are compared to the engineering alloys with respect to microstructure,
macroscopic stress-strain response, ductility and fracture behaviour. All
four alloys are studied in the cast and homogenised condition as well as
in the extruded condition. The material characterisation prior to and
after extrusion revealed that the matrix material of the tailor-made al-
loys closely resembles that of their respective engineering alloy, while
their constituent particle content was successfully increased. The par-
ticle characterisation shows changes in the constituent particle size and
spatial distribution after extrusion for all four alloys. There is a clear
detrimental effect of a larger constituent particle population on
ductility, but after extrusion this effect is reduced as the constituent
particles are broken up and redistributed.

2. Materials and methods
2.1. Aluminium alloys

Four 6000-series aluminium alloys are considered of which two are
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engineering alloys and two are tailor-made. The engineering alloys
AA6063 and AA6110 were used as the basis for the tailor-made alloys,
where iron (Fe) and silicon (Si) were added to increase the amount of
constituent particles formed during solidification. When increasing the
amount of Fe to increase the volume fraction of constituent particles, it is
important to also increase the Si level to retain the same level of Si in
solid solution in the tailor-made alloy as in the engineering alloy after
the solution heat treatment. This is because some Si will be tied up in the
constituent particles. If this is not done, the strength and work hardening
of the engineering and tailor-made alloy would be markedly different
due to variations in the amounts of hardening precipitates and elements
in solid solution, which could influence the ductility of the alloys [23,
271.

The plastic flow and fracture of the two engineering alloys were
previously investigated in the cast and homogenised condition by Tho-
mesen et al. [26] and in the extruded condition by Thomesen et al. [28].
The thermo-mechanical processing and the characterisation of the
microstructure of the engineering alloys are described in detail in these
studies, and the reader is referred there for further details. Even if the
tailor-made alloys were processed similarly as the engineering alloys,
some variation in their mechanical behaviour must be expected. A brief
description of the procedures is therefore given in the following sections
for completeness.

The chemical composition of the four alloys is presented in Table 1.
Here, the label “A” represents the engineering alloys, while “B” denotes
the alloys with an increased amount of Fe and Si. Table 1 shows that
there are small differences in the content of various alloying elements
besides Fe and Si in the A- and B-variants of an alloy, but these are
considered minor.

The alloys were provided by Hydro R&D Sunndal and received as
DC-cast billets with a 95 mm diameter. The billets were homogenised
according to industrial standards at Hydro’s production facility, where
they were heated to 575 °C with a heating rate of 200 °C/h and held at
575 °C for 135 min before cooled to room temperature with a rate of
—400 °C/h. The further treatment of the billets was dependent on
whether the alloy was to be tested in the cast and homogenised (CH) or
the extruded (EX) condition.

Tensile test specimens of the four cast and homogenised alloys were
machined from the billets prior to heat treatment. Thereafter, a solution
heat treatment was applied to the specimens by heating them to 560 °C
and holding for 10 min in a salt bath, before water quenching and
storage at room temperature for 24 h. Lastly, the specimens were heated
to 185 °C with a rate of 200 °C/h in a hot air circulation oven and kept at
185 °C for 8 h before water quenched to achieve temper T6.

Billets of the four alloys were extruded using a vertical extrusion
press at SINTEF Industry into 40 mm wide and 6 mm thick profiles. Prior
to extrusion, the homogenised billets were solution heat treated at 560
°C for 10 min, cooled to 500 °C and mounted in the extrusion press.
Water quenching of the extruded profiles was provided 0.5 m below the
press mold. After extrusion, the profiles were stretched 0.5% and stored
at room temperature for 48 h. The profiles were then artificially aged to
temper T6 by heating to 185 °C and holding for 8 h, before air cooling to
room temperature. Tensile test specimens of the four extruded alloys
were machined from the profiles after heat treatment. More details
about the extrusion process can be found in the supplementary material
of Thomesen et al. [28].

2.2. Microstructure characterisation

2.2.1. Cast and homogenised condition

The grain size of the cast and homogenised alloys was characterised
using optical microscopy and the line intercept technique, while the
constituent particles were measured and counted by analysing images
captured by a scanning electron microscope (SEM). The latter technique
requires a grey scale threshold value to be determined by the analyst,
and this threshold value influences whether the pixels are counted as
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Table 1

Chemical composition of the aluminium alloys in wt-%.
Alloy Mg Si Fe Cu Mn Zn Ti Cr Al
6063A 0.470 0.512 0.206 0.001 0.047 0.003 0.006 0.001 Bal.
6063B 0.481 0.692 0.753 0.001 0.048 0.004 0.015 0.005 Bal.
6110A 0.828 0.720 0.196 0.203 0.506 0.003 0.026 0.157 Bal.
6110B 0.793 0.925 0.749 0.204 0.503 0.005 0.029 0.183 Bal.

particle or matrix. In the particle characterisation, the total area
measured was 0.227 mm? for the A-variants and 0.399 mm? for the B-
variants of the alloys. The threshold value was defined in terms of the
equivalent particle diameter D,q, which equals the diameter of a circular
particle with the same area as the measured particle. To exclude dis-
persoids and noise, the threshold value for counting a constituent par-
ticle was taken as D > 0.2 pm. The constituent particles were divided
into size dependent groups, with a bin size of 25 pm. The area fraction of
each group was calculated to obtain particle size distribution (PSD) of
the respective material.

Pair correlation function (PCF) analyses of the constituent particles
were conducted using a technique described in the supplementary ma-
terial of Hannard et al. [20], which is an adaptation of a method origi-
nally proposed by Marthinsen et al. [29]. In brief, the PCFs are computed
by placing a 20 pm x 20 pm square box in the centre of each constituent
particle, and all pixels belonging to neighbouring constituent particles
are logged. The boxes are summed and normalised with respect to the
respective particle area fraction. The intensity, i.e., occurrence divided
by global particle content, is plotted from 0 to 4 for comparison
purposes.

2.2.2. Extruded condition

Images of the grain structure were obtained in an optical microscope,
while the grain dimensions were measured by use of the line intercept
technique on images created from electron backscatter diffraction
(EBSD) measurements. Grain dimensions are provided in the TD-ND
plane and in the ED-ND plane, where ED, TD and ND denote the
extrusion, transverse and normal directions of the extruded profile,
respectively. The constituent particles were characterised using an SEM,
with a measured area of 0.235 mm? for the A-variants and 0.157 mm?
for the B-variants of the extruded alloys. Both the PSDs and the PCFs
were computed using the same method as for the cast and homogenised
alloys, see description in Section 2.2.1. The characterisation of the
constituent particles was conducted both in the TD-ND plane and the
ED-ND plane.

To measure the global texture of the extruded alloys, the X-ray
diffraction (XRD) method was used. The data were extracted as pole
figures, and orientation distribution functions (ODFs) were subse-
quently reconstructed from the pole figures by using a harmonic series
expansion and orthotropic sample symmetry with a series rank of 23 and
Gaussian smoothing of 7° [30].

2.3. Mechanical test programme

The results from several mechanical test series are presented in this
work. The test series for the A-variants of the cast and homogenised
alloys and the extruded alloys were parts of previous studies and the
results can also be found in Thomesen et al. [26] and Thomesen et al.
[28], respectively. However, new test series were carried out for the
tailor-made B-variants of these alloys. Results from all test series are
presented here to investigate the influence of the higher amount of
constituent particles on the tensile ductility.

All test series comprised tensile tests with smooth and notched
axisymmetric specimens. Henceforth, we will denote tensile tests on
smooth specimens for “uniaxial tension tests”, and tensile tests on
notched specimens for “notch tension tests”. The cast and homogenised
alloys were assumed to be isotropic, while the observed crystallographic

texture of the extruded alloys revealed that they are anisotropic. Trip-
licate tests of each combination of alloy, condition and specimen type
were conducted, except in some few cases for the extruded alloys where
only duplicate tests were completed successfully.

The various specimens were tested in a universal testing machine
with a constant crossbar velocity to ensure quasi-static conditions. The
crossbar velocity was determined based on the specimen geometry and
set to give an initial strain rate of 5 x 10~* s~ for the smooth specimens.
The force was measured directly from the load cell of the machine, while
two perpendicular minimum cross-sectional diameters were continu-
ously measured and recorded during testing using a laser gauge [31].

The axisymmetric smooth and notched tensile specimens presented
in Fig. 1 were used for the cast and homogenised alloys. The smooth
tensile specimen was tested at a constant crossbar velocity of 1 mm/min,
while for the two notched tensile specimens, a velocity of 0.15 mm/min
was used. Note that the notched specimens used for the A-variants of the
two alloys had an outer diameter of 9.47 mm between the threaded
section and the notch instead of the nominal value of 10 mm as shown in
Fig. 1, see Thomesen et al. [26] for details. This resulted in a minor
reduction in the triaxiality of the stress field in the notch region, which
should be kept in mind when comparing the ductility of the A- and
B-variants of the alloys obtained for the notched specimens.

Fig. 2 displays the axisymmetric smooth and notched tensile speci-
mens used for the extruded alloys. Owing to the dimensions of the
extruded profile, the size of these specimens had to be reduced
compared with those used for the cast and homogenised alloys. It was
shown in Thomesen et al. [32] that the shape and size of the specimen
did not have any significant effect on the stress-strain response of these
aluminium alloys in the cast and homogenised condition. Note that the
radius of the notch does not scale and thus the triaxiality of the stress
field within the notch region will not be the same as for the larger
notched specimens used for the cast and homogenised alloys. However,
as the aim of the current study is to evaluate the effect of an increased
volume fraction of constituent particles, this is not considered to be an
issue. The B-variants of the extruded alloys were tested in two directions,
i.e., the 0° direction (tensile axis along the ED) and the 90° direction
(tensile axis along the TD). Five directions were tested for the A-variants
(i.e., 0°, 22.5°, 45°, 67.5°, 90° with respect to the extrusion direction),
but only results from tests along ED and TD will be presented here. The
smooth specimens were tested with a constant crossbar velocity of 0.15
mm/min, while 0.1 mm/min was applied for the notched specimens.

The minimum cross-sectional area was assumed to be elliptical when
analysing the experimental results from the tensile tests. The current
area is calculated as A = %D;D,, where D; and D, are the two minimum
cross-sectional diameters measured by the laser gauge. For the tensile
tests on the extruded alloys, D; always corresponded to the diameter in
the ND, while D5 corresponded to the diameter in the TD and ED for the
tests in the 0° and 90° direction, respectively. The true stress is given by
o =F/A, where F is the measured force. The materials are assumed to be
isochoric, and therefore the logarithmic strain is calculated as ¢ =
In(Ao /A), where Ag = 2D} is the initial minimum cross-sectional area of
the specimen and Dy is the initial cross-section diameter. For the notched
specimens and the smooth specimens after necking, the calculated true
stress and logarithmic strain represent average values over the minimum
cross-section. The failure strain & is defined as the logarithmic strain
corresponding to the maximum true stress.
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Fig. 1. Nominal geometry of the test specimens used for the cast and homogenised alloys: a) smooth specimen, b) notched specimen R2.0 with notch radius of 2.0
mm, and c) notched specimen R0.8 with notch radius of 0.8 mm. The red line denotes the radial direction of the DC-cast billet and was marked physically on the
specimen. All measures are in mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3. Results
3.1. Microstructure

3.1.1. Cast and homogenised condition

Fig. 3 presents images of the grain structure of the four cast and
homogenised alloys. The grain structure of all four alloys is dendritic,
which is typical for cast and homogenised aluminium alloys. Visual in-
spection indicates that the grain size is similar for the A- and B-variants.
Although particles are visible in all four images, the two B-variants have
a substantially larger number of visible particles than the respective A-
variants. No measurements were performed to determine the crystallo-
graphic texture of the cast and homogenised alloys. However, a random
texture can be assumed for alloys in the cast and homogenised condition
and thus their behaviour is considered to be isotropic [33].

The average grain size D, (assuming equi-axed grains), the area
fraction of constituent particles f,, and the average particle size D,
(defined as the area average of the equivalent particle diameter D) are
presented in Table 2. A minor difference in grain size is observed be-
tween the A- and B-variants of both alloy 6063 and alloy 6110. The area
fraction of constituent particles of the B-variant is on average 3.1 times
larger than for the A-variant of the same alloy. While the average par-
ticle size D, decreases from alloy 6110A to alloy 6110B, it remains the
same for the alloys 6063A and 6063B. In addition to the aforementioned
metrics, the area averaged maximum and minimum Feret diameters of
the constituent particles, denoted Dy g and Dy i, respectively, were
calculated from the SEM images. These two metrics of the constituent
particles are similar for the A- and B-variants of alloy 6063 as well as for
alloy 6110, with differences less than 5%. Measurements of all four cast

and homogenised alloys show that the constituent particles have
random orientation.

Fig. 4 displays the PSDs of constituent particles for the cast and
homogenised alloys. The particle population of alloy 6063B is slightly
shifted towards larger particles compared with alloy 6063A, while a
marked shift towards smaller particles is observed for alloy 6110B
compared with alloy 6110A. It should be noted that the number of
particles in every size group is much higher for the B-variant than for the
A-variant of both alloys, as the area fraction of particles is on average 3.1
times larger for the former.

Fig. 5a and Fig. 5b display the PCFs for the alloys 6063A and 6063B,
respectively. Both PCFs display a tendency of circular clustering around
the centre. This circular pattern may be attributed to the random
structure of the grains, as constituent particles form mainly at the
dendrite and grain boundaries during solidification [27]. The difference
in smoothness between the two PCFs is presumably due to the larger
sample size used to obtain Fig. 5b, as well as the generally higher level of
particle clustering in the B-versions of the alloys.

The PCFs of the cast and homogenised 6110A and 6110B alloys are
shown in Fig. 6a and Fig. 6b, respectively. The intensity of the PCFs for
the 6110 alloys in Fig. 6 is clearly stronger around the centre than the
PCFs for the 6063 alloys in Fig. 5. The strong intensity for the B alloys is
linked to the clustering of smaller particles (D.q<1 pm), which is readily
seen if these smaller particles are omitted from the computation of the
PCFs. It was found that the clustering of larger particles (Deg>1 pm) is
markedly stronger for alloy 6063B than for alloy 6110B. Also, the area
fraction of particles of the two B-alloys is identical provided smaller
particles are disregarded, with values of 0.0156 and 0.0155 for the al-
loys 6063B and 6110B, respectively.
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Fig. 2. Nominal geometry of the test specimens used for the extruded alloys: a) smooth specimen, b) notched specimen R2.0 with notch radius of 2.0 mm, and c)
notched specimen R0.8 with notch radius of 0.8 mm. The red line denotes the ND of the extruded profiles and was marked physically on the specimens. All measures
are in mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

SEM images of the constituent particles in the cast and homogenised
6110 alloys are presented in Fig. 7. As expected from the PCFs, the
constituent particles do not have any preferential orientation, but they
form in randomly oriented elongated clusters. Both smaller and larger
constituent particles are visible for both the A- and B-variants of the
6110 alloy. The marked shift in the PSD of alloy 6110B, see Fig. 4b, is
attributed to the highly numerous and clustered smaller particles visible
in Fig. 7b. Similar SEM images were obtained for the 6063 alloy, but are
not shown here for brevity. Dispersoids are visible in the SEM images of
the 6110 alloys, and these are evenly distributed throughout the matrix
material.

3.1.2. Extruded condition

Fig. 8 shows images of the grain structure of the four extruded alloys.
It is apparent that there are two different grain structures caused by the
extrusion process. The 6063 alloys display a recrystallised grain struc-
ture, while the 6110 alloys display a non-recrystallised, fibrous grain
structure with grains that are severely elongated in the ED.

The ODFs for the B-variants of the extruded alloys are shown in
Fig. 9. These ODFs are representative also for the A-variants because the
difference in crystallographic texture between the A- and B-variants was
minor for both the 6063 and 6110 alloys. The 6063 alloys exhibit a
typical recrystallisation texture, i.e., a strong cube texture with a minor

Goss component. In contrast, the 6110 alloys display a cube texture with
orientations along the p-fibre, which is typically found in non-
recrystallised extruded aluminium alloys.

The average grain dimensions in the ND and TD of the extruded al-
loys are presented in Table 3 along with the area fraction of particles f,,
the average particle size D,, and the maximum and minimum Feret di-
ameters Df ;qx and Dy i, of the particles in the ED-ND and TD-ND planes.
For both alloys, the grain size is reduced after extrusion, but particularly
for the non-recrystallised 6110 alloys. The extrusion process breaks up
the particles of the cast and homogenised alloys and as a result, the
particle size is substantially reduced in the extruded condition. The
average particle size D, is somewhat larger for the B-variants than for
the A-variants of both extruded alloys. Whereas the area fraction of
particles f, of the A-variants is about the same for the cast and homo-
genised condition and the extruded condition, it is somewhat higher for
the extruded B-variants than for the cast and homogenised counterparts,
see Tables 2 and 3. This difference in f, is attributed to the sample size
and the accuracy of the characterisation technique. The maximum Feret
diameter is somewhat larger in the ED-ND plane than in the TD-ND
plane, while the minimum Feret diameter is about the same in the two
planes.

The PSDs shown in Fig. 10 for the extruded alloys reflect the change
in the average particle size D, due to the extrusion process, and are thus
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(d)

Fig. 3. Grain structure of the four cast and homogenised alloys: (a) 6063A, (b) 6063B, (c) 61104, and (d) 6110B.

Table 2

Selected microstructural quantities of the alloys in the cast and homogenised
condition.

Alloy

Dg [pm] fol-1 Dy [um] Df max [pm] Dy min [um]
6063A 63 0.0061 1.64 3.37 1.17
6063B 58 0.0198 1.67 3.45 1.31
6110A 67 0.0076 1.85 3.70 1.42
6110B 72 0.0226 1.53 3.53 1.47

shifted towards smaller particle sizes compared to the PSDs of the cor-
responding alloys in the cast and homogenised condition, see Fig. 4. The
PSDs of the A- and B-variants of an alloy are similar, with only a minor
shift towards larger particles for the latter.

Fig. 11 shows the PCFs for the B-variant of the extruded 6110 alloy in
the TD-ND and ED-ND planes, which are characteristic for all the
extruded alloys. The PCF in the TD-ND plane shows a weak clustering
along the TD, in the vicinity of the centre, while in the ED-ND plane
there is a prominent clustering along the ED. The latter is an indication

30 .
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Fig. 4. Particle size distributions (PSDs) for the A- and B-variants of the cast and homogenised alloys: (a) 6063, and (b) 6110.

of particles aligned in stringers along the ED. By comparing Figs. 6 and
11, it appears that the extrusion process has redistributed the particles as
expected.

SEM images of the constituent particles in the TD-ND and ED-ND
planes of the extruded 6110B alloy are presented in Fig. 12. The con-
stituent particles are more homogeneously dispersed throughout the
matrix than in the corresponding cast and homogenised alloy, see
Fig. 7b. This change was also indicated by the PCFs in Fig. 11 due to the
overall lower intensity in the figure. Both the SEM image and the PCF of
the ED-ND plane show that the constituent particles tend to cluster along
the ED, albeit the tendency is weaker than the clustering observed in the
cast and homogenised condition. Similar images were obtained for the
other extruded alloys, but these are omitted due to brevity as the overall
trends are the same. Dispersoids were observed in the SEM images of
both 6110 alloys, as fine particles which are evenly dispersed in the
matrix material.
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Fig. 5. Pair correlation functions (PCFs) for the cast and homogenised alloys computed from a 20 pm x 20 pm square: (a) 6063A, and (b) 6063B.
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Fig. 6. Pair correlation functions (PCFs) for the cast and homogenised alloys computed from a 20 pm x 20 pm square: (a) 6110A, and (b) 6110B.
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Fig. 7. SEM images showing the constituent particles of the cast and homogenised alloys: (a) 6110A, and (b) 6110B.

3.2. Mechanical test results

In the following, the stress-strain curves, defined in terms of the true
stress and the logarithmic strain, are presented for the A- and B-variants
of the cast and homogenised alloys and the extruded alloys. The stress-
strain curves of the A- and B-variants are given by red and blue solid
lines, respectively. The specimen geometry is identified by the marker at
the point of failure, i.e., at the maximum value of the true stress where
strain softening starts. The markers x , ¢) and o correspond in turn to
results obtained with smooth specimens and notched specimens with
notch radius 2.0 mm (R2.0) and 0.8 mm (R0.8), respectively. In addition

to the stress-strain curves, a selection of SEM images of fracture surfaces
that show distinctive features is presented.

To illustrate the typical behaviour observed for the various alloys
after failure, i.e., in the softening branch of the response curve, some
representative stress-strain curves are presented in Fig. 13. All four
response curves are plotted to fracture, which is defined as separation of
the specimen into two halves, whereas the markers denote the point of
failure. The cast and homogenised alloys fracture shortly after the point
of failure, while the extruded alloys typically fracture after significant
additional straining. The amount of straining after failure is seen to
depend on both specimen geometry, alloy and processing. In the
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Fig. 8. Grain structure of the extruded alloys

following, the stress-strain curves are plotted to failure, as this denotes
the critical point from a structural engineering perspective.

3.2.1. Cast and homogenised condition

Fig. 14 displays the stress-strain curves of the cast and homogenised
6063 alloys. The 0.2% proof stress, ¢ 2, is around 12.5 MPa higher for
alloy 6063B than for alloy 6063A, and a somewhat higher initial hard-
ening rate is seen in uniaxial tension for the former. The flow stress is
markedly higher for the notched specimens due to the triaxial stress field
induced by the pre-machined notch and is highest for the R0.8 specimen
which has the smallest notch radius. For both the A- and B-variants of
the alloy, the failure strain is significantly higher for the smooth spec-
imen than for the two notched specimens, but somewhat unexpectedly,
the R0.8 specimen has a higher failure strain than the R2.0 specimen.
The notch effect on ductility, hereby denoted notch sensitivity and
defined as the percentage reduction in failure strain of the notched
specimens relative to the smooth specimen, is significant for both alloy
6063A and alloy 6063B. The two alloys follow similar trends where the
notch sensitivity is somewhat stronger for the R2.0 specimen than for
the R0.8 specimen. For all specimen geometries, the A-variant of the
alloy has the highest ductility. Comparing the smooth specimens, the B-
variant of the 6063 alloy has an average failure strain that is 72.3% of
the average failure strain of the A-variant. For the notched specimens,
the difference in ductility between the A- and B-variants is even larger,
and largest for the R0.8 specimen.

The stress-strain curves of the cast and homogenised 6110 alloys are
shown in Fig. 15, and similar trends as for the 6063 alloys are found.
There is a difference in the proof stress of 12 MPa between the A- and B-
variants of the alloy, which is accompanied by a notable difference in
hardening rate. The B-variant exhibits a higher hardening rate for small
strains, while at larger strains the hardening rate is higher for the A-
variant. Remarkably, the failure strain observed for the smooth speci-
mens of the B-variant of alloy 6110 is only half of the failure strain of the
A-variant. Similar differences in tensile ductility are observed also for
the two notched specimens. The notch sensitivity is significant and the

: (a) 6063A, (b) 6063B, (c) 6110A, and (d) 6110B.

A- and B variants follow similar trends, just as for the 6063 alloys.
However, for the 6110 alloys the notch sensitivity of the two notched
specimens is more similar.

One specimen from each combination of alloy and geometry was
assessed using an SEM. All fracture surfaces displayed a typical dimpled
surface associated with ductile fracture. The outer circumference of the
fracture surfaces was circular, indicating isotropic behaviour. Fig. 16
displays two SEM images, which are representative of the fracture sur-
face topology. The fracture surfaces in the figure exhibit two populations
of dimples. The first is the evenly dispersed large- and normal-sized
dimples, and the second is the high density of small-sized shallow
dimples. It is worth noting that particles are visible at the bottom of the
dimples.

3.2.2. Extruded condition

Fig. 17 shows the stress-strain curves in the 0° and 90° directions of
the extruded 6063 alloys. The difference in the 0.2% proof stress be-
tween the A- and B-variants is 10.2 MPa and 11.8 MPa for the 0° direc-
tion and the 90° direction, respectively. The yield stress is highest in the
ED, and there is a difference in the proof stress of 12.7 MPa between the
two directions for the A-variant. The initial hardening rate is similar for
the two variants in both directions, while at a later stage the A-variant
has a slightly lower hardening rate than the B-variant.

As for the cast and homogenised alloys, the B-variant of the 6063
alloy has lower ductility than the A-variant in uniaxial tension, but the
difference is much smaller. The average failure strain of the B-variant is
12.8% lower in the 0° direction and 16.8% lower in the 90° direction
compared to the A-variant. There is also a difference in ductility between
the tests in the two directions, and the failure strain in uniaxial tension is
10.6% and 5.6% higher in the 90° direction for the A- and B-variants,
respectively. The notch sensitivity is very strong in both tensile di-
rections, and in all cases the failure strain is reduced by more than 70%
due to the pre-machined notch. It is further interesting to note that the
notch sensitivity is consistently larger for the A-variant than for the B-
variant of the 6063 alloy. Indeed, for both notch geometries in the
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Fig. 9. Orientation distribution functions (ODFs) for the B-variants of the extruded alloys: (a) 6063B, and (b) 6110B.

Table 3
Selected microstructural quantities of the alloys in the extruded condition.
Alloy Dy [pm] fol—=1  Dplpm]  Dfmax[pm] Df min [pm]
ND D TD- ED- TD- ED-
ND ND ND ND
6063A 30 36 0.0063 1.05 1.89 2.61 0.74 0.84
6063B 30 41 0.0242 1.17 1.89 2.58 0.92 0.98
6110A 4 8 0.0079 1.13 1.74 2.49 0.91 1.01
6110B 3 6 0.0301 1.22 2.05 2.32 1.02 0.99

0° direction and for the R0.8 specimen in the 90° direction, the failure
strain is larger for the B-variant than for the A-variant of the alloy, which
was clearly unexpected. While the two notch geometries give similar
ductility in the 0° direction, the R0.8 specimen gives markedly lower
ductility in the 90° direction relative to the R2.0 specimen. Compared
with the 0° direction, the ductility in the 90° direction is higher for the
R2.0 specimen and lower for the R0.8 specimen.

Fig. 18 presents the results of the test series of the extruded 6110
alloys. For both the 0° and 90° directions, there are no significant dif-
ferences in neither the 0.2% proof stress nor the hardening rate between
the A- and B-variants of the alloy. The 0.2% proof stress is 17 MPa higher
in the 0° direction than in the 90° direction for the A-variant, and 13

MPa higher for the B-variant. Alloy 6110B has markedly lower failure
strain in uniaxial tension for both the 0° and 90° directions when
compared to alloy 61104, and the difference is 17% in both directions.
The difference in the failure strain in uniaxial tension between the two
directions is minor and deemed statistically insignificant. A marked
notch sensitivity is observed also for the 6110 alloys. The ductility
relative to the smooth specimen is reduced with more than 50% in the
0° and 90° directions for both the A- and B-variants, and the notch
sensitivity is somewhat stronger in the 90° direction. For the 6110 alloy,
the failure strain is found to consistently decrease with decreasing notch
radius for both geometries and tensile directions. It is also notable that
the notch sensitivity is markedly stronger for the recrystallised 6063
alloys than for the non-recrystallised 6110 alloys. Indeed, for the
notched specimens the ductility is generally higher for the 6110 alloys
than for the 6063 alloys, while for the smooth specimens the ductility is
substantially higher for the leaner 6063 alloys.

In general, the fracture surfaces display a circular or elliptical outer
circumference. However, the fracture surfaces of the notched specimens
of the extruded 6063A alloy machined in the 90° direction developed a
more rhombus shape. As a result, the logarithmic strain calculated for
these specimens is uncertain after the rhombus shape starts to form at
large strains. Frodal et al. [7] found that the strain calculated based on
the assumption of an elliptical outer circumference underestimated the
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Fig. 10. Particle size distributions for the A- and B-variants of the extruded alloys: (a) 6063, and (b) 6110.
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Fig. 11. Pair correlation functions (PCFs) for the extruded 6110B alloy computed from a 20 pm x 20 pm square: (a) TD-ND plane, and (b) ED-ND plane.

20um

20um

(b)

Fig. 12. SEM images showing the constituent particles in (a) the TD-ND plane and (b) the ED-ND plane of the extruded 6110B alloy.

real strain by less than 10%.

Fig. 19 shows four distinctive features found in the fracture surfaces
of the extruded alloys based on SEM investigations. The figure includes
what has previously been characterised as an oversized dimple
(Fig. 19a), intergranular fracture in the form of facets (Fig. 19b), an
almost continuous line of particle-filled dimples also known as a stringer
(Fig. 19¢) and, lastly, the two characteristic dimple populations
observed (Fig. 19d).

Both oversized dimples and facets are prominent features in the 6063
alloys, but not in the 6110 alloys. Oversized dimples were mainly
observed on the fracture surface of the smooth specimens, and West-
ermann et al. [27] attribute these to voids nucleated at grain boundaries
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which grow into the two neighbouring grains. In contrast, facets are
mainly seen for the notched specimens, and appear to be more frequent
for the 0° specimens than for the 90° specimens. They also occur more
frequently on the fracture surfaces of alloy 6063A relative to alloy
6063B. Facets have previously been linked to excess Si forming brittle
particles at the grain boundaries by Kato et al. [22], Remge et al. [23]
and Aucote and Evans [34], which agrees well with the high Si/Mg ratio
of the 6063 alloys [28]. Facet-like structures are seen at the bottom of
some of the oversized dimples, which could indicate that the facets and
the oversized dimples have the same source. The fracture surface of the
smooth specimens of alloy 6063A in the 0° direction appears to have the
highest population of oversized dimples, while the population is
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somewhat lower for alloy 6063A in the 90° direction and about the same
for alloy 6063B in both directions.

While stringers aligned in the ED are present on the fracture surfaces
of the 90° specimens for all alloys, the one shown in Fig. 19c¢ is the most
pronounced stringer observed in all test series. The almost continuous
line of particles is measured to be over 200 pm long and is filled with
densely packed constituent particles. Both the PCF in Fig. 11b and the
SEM image in Fig. 12b indicate that constituent particles of the extruded
alloys have a tendency to cluster along the ED, which suggests that
stringers originate from these clusters.

Fig. 19d shows the two populations of dimples present in all the
extruded alloys, and it displays one of the cases with the highest amount
of the smaller dimples. However, such zones with large amount of small
and numerous dimples appear to be much more prevalent in the 6110
alloys than in the 6063 alloys. A possible explanation for this observa-
tion is the high density of dispersoids in the 6110 alloys, which could
play a role at a late stage of the fracture process [35,36].

4. Discussion

To study the influence of the volume fraction of constituent particles
on the ductility, two engineering alloys and two tailor-made alloys with
higher amounts of Fe and Si were considered. While the strength and
work hardening differed somewhat between the engineering and tailor-
made alloys (i.e., the A- and B-variants), cf. Figs. 14 and 15 for the cast
and homogenised alloys and Figs. 17 and 18 for the extruded alloys, the
differences were deemed sufficiently small to not play a major role for
the ductility and the fracture mechanisms. Thus, the differences seen in
ductility and fracture mechanisms between the engineering and tailor-
made alloys are assumed to be largely determined by the volume frac-
tion, size distribution and spatial distribution of the constituent parti-
cles, whereas differences in strength and work hardening play a minor
role.

The uniaxial tension tests presented in Figs. 14 and 15 display a clear
reduction in failure strain of the cast and homogenised alloys with
increased amount of constituent particles. The influence of the area
fraction of particles is strongest for the 6110 alloy, which is assumed
caused by the higher strength, although other variables cannot be dis-
missed such as the more clustered population of smaller particles of the
6110B alloy, and possible differences in chemical composition of the
constituent particles.

The influence of the machining error (see Section 2.3) upon the
stresses and strains for the notched specimens, which were machined
from the two cast and homogenised A-alloys, was examined by Tho-
mesen [37]. It was found by numerical simulations that the stress level
of the R0.8 specimens may experience a reduction of 15-20 MPa due to
the deviation in outer diameter, while the stress level of the R2.0
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Fig. 16. Representative images of the fracture surfaces for the cast and homogenised alloys: (a) alloy 6063B, R2.0 specimen, and (b) alloy 6110B, R0.8 specimen.
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specimens was not affected. Thomesen [37] also conducted an experi-
mental assessment of the deviation in outer geometry using specimens
machined from a cast and homogenised AA6061 alloy, and found that
the failure strain was sensitive to the changes in the outer diameter. The
maximum observed difference in failure strain was notable, but much
less than the deviation between the A- and B-alloys observed in Figs. 14
and 15. Thus, the large difference in the failure strain of the notched
specimens made of the cast and homogenised A- and B-alloys is mainly
attributed to the different volume fraction of constituent particles,
whereas the slight difference in specimen geometry plays a secondary
role.

When considering the uniaxial tension tests of the extruded alloys
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presented in Figs. 17 and 18, there is a substantial overall increase in
failure strain for all alloys relative to their cast and homogenised
counterpart. While the geometry of the smooth tensile specimens was
different in the two test series, it was found by Thomesen et al. [31] to
have no influence on the measured failure strain. The increase is by far
the largest for the 6110B alloy, where the failure strain is almost four
times higher in the extruded condition. For the other three alloys, the
failure strain is about twice as high after extrusion. The
non-recrystallised grain structure of the two 6110 alloys after extrusion
is likely an important contributor to the overall larger increase in failure
strain of the extruded 6110 alloys. Further, it is apparent that the higher
volume fraction of constituent particles in the B-variants of the extruded
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Fig. 19. Representative images of the fracture surfaces of the extruded alloys: (a) alloy 6063B, smooth specimen, 90° direction, (b) alloy 6063B, R0.8 specimen, 90°
direction, (c) alloy 6110B, R2.0 specimen, 90° direction, and (d) alloy 6110A, R2.0 specimen, 0° direction.

alloys decreases the failure strain when compared to the corresponding
A-variant, but the difference is considerably less in the extruded con-
dition than in the cast and homogenised condition. From Tables 2 and 3
it is apparent that the extrusion processes reduces the constituent par-
ticle size, and the redistribution of the constituent particles due to the
extrusion process is clearly seen from the PCFs presented in Figs. 6 and
11. As a result of the redistribution, the alloys experience significantly
less prominent clustering as the particles are more homogeneously
distributed in the volume. As the area fraction of constituent particles
does not change with extrusion, the overall reduction in size and the
more favourable spatial distribution of the constituent particles are
assumed to cause the observed smaller difference in failure strain be-
tween the A- and B-alloys after extrusion.

All four alloys, in both conditions, show a pronounced reduction in
the failure strain in the notch tension tests compared to uniaxial tension
tests. The increased stress triaxiality caused by the notch has a clear
detrimental effect upon the ductility. For the cast and homogenised al-
loys, as well as for the extruded 6110 alloys, the notch sensitivity of the
B-variant is higher than that of the A-variant, while for the extruded
6063 alloys the opposite is true. This finding is presumably linked to the
facets observed on the fracture surface of the extruded 6063 alloys. Prior
to extrusion the 6110 alloys displayed a higher notch sensitivity than the
6063 alloys, while after extrusion the notch sensitivity of 6110 was
greatly improved. The improvement of the notch sensitivity of the 6110
alloys is likely caused by the non-recrystallised grain structure. Overall,
the difference in notch sensitivity between the corresponding A- and B-
alloys is rather small, indicating that the constituent particle content
does not influence the notch sensitivity.

For the extruded 6110 alloys, the failure strain in uniaxial tension is
similar in the two directions investigated, whereas in the notch tension
tests the failure strain is higher in the 0° direction. Some of the factors
that could contribute to the lower ductility in the 90° direction are the
shape of the particles, being longer in the ED than in the TD, and the
particle stringers aligned with the ED (see Fig. 19¢). Lassance et al. [10]
observed that the orientation of the constituent particles influences the
nucleation of voids, and Benzerga et al. [16] found that the void growth
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is inherently anisotropic due to anisotropic plastic flow. Intra- and
inter-cluster coalescence may also cause failure anisotropy due to the
direction of the tensile load relative to the orientation of the cluster(s),
see e.g. Hannard et al. [20] and the numerical work of Thomson et al.
[38] and Steglich et al. [39]. More recently, in-situ experiments con-
ducted by Kondori et al. [21] show that the mechanisms of coalescence
are anisotropic. Dilatational void growth is enhanced by increasing
triaxiality, while extensional void growth is dominant at lower levels of
stress triaxiality [15,16] and void nucleation is dependent upon stress
level [6,10,11]. It seems reasonable to assume that the mechanisms
leading to anisotropic void nucleation and coalescence are more domi-
nant for higher stress triaxiality, and thereby explaining why the
ductility is higher in the 0° direction for the notched specimens but not
for the smooth specimens.

The failure strain is generally slightly higher in the 90° direction than
in the 0° direction for the extruded 6063 alloys; an exception is the R0.8
specimen for which the failure strain is somewhat higher in the 0° di-
rection. It is likely that the mechanisms discussed for the extruded 6110
alloys are also valid for the extruded 6063 alloys. The higher work
hardening rate in the 90° direction is a factor that could contribute to a
higher ductility as it is known to distribute the plastic flow more evenly
and thus delay plastic instability and strain localisation [40]. Fig. 17
shows that the failure strain in the notch tension tests is, with one
exception, somewhat larger for the extruded 6063B alloy than for the
6063A alloy, even if the particle content is more than three times larger
in the former and the strength is also slightly higher. The reason for this
anomaly is believed to be linked to the facets on the fracture surfaces
which where markedly more frequent for the notch tension tests of the
6063A alloy, indicating a higher percentage of intergranular fracture.

Several notch tension tests of the R0.8 specimen display an equal or
higher failure strain than the tests of the R2.0 specimen for the same
alloy, as seen in Figs. 14 and 15 for the cast and homogenised alloys and
in Fig. 17 for the extruded 6063A alloy. It is anticipated that a sharper
notch will increase the overall stress triaxiality in the notch region and
thus the R0.8 specimen was expected to give a lower failure strain than
the R2.0 specimen. Numerical simulations performed by Thomesen [37]
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show that the stress triaxiality is highest in the centre of the notched
specimens (see also Bgrvik et al. [41]). The equivalent plastic strain
remains fairly even from the centre towards the notch root of the R2.0
specimen, while it is highest at the notch root for the R0.8 specimen. As
ductile damage growth is governed by plastic straining, but amplified by
the stress triaxiality [42], the location of fracture initiation may shift
from the centre for the R2.0 specimens towards the notch root for the
RO.8 specimen. Kondori et al. [21] also observed that fracture initiated
close to the notch root for specimens with a sharp notch. This possible
change of failure mode may explain why the failure strain is equal or
even larger for the R0.8 specimen than for the R2.0 specimen in several
cases.

5. Conclusion

The effects of constituent particle content on ductile fracture in
typical 6000-series aluminium alloys were studied by performing ten-
sion tests on smooth and notched specimens on two engineering alloys
(i.e., 6063A and 6110A) and two similar tailor-made alloys (i.e., 6063B
and 6110B) with more than three times higher area fraction of particles.
Tests were conducted for the alloys in the cast and homogenised con-
dition and the extruded condition, in both cases after artificial ageing to
temper T6. The microstructure of the alloys was characterised by optical
and scanning electron microscopy and X-ray diffraction.

The main conclusions from this study are as follows:

e The increased constituent particle content led to a substantial
reduction in the ductility for the tailor-made alloys compared with
the engineering alloys in the cast and homogenised condition.
Extrusion greatly improved the ductility of both the engineering and
the tailor-made alloys, and the difference in ductility between them
was markedly reduced. These improvements in ductility are mainly
attributed to the breaking-up and redistribution of the constituent
particles in the extrusion process.

The notch sensitivity was substantial for all alloys, but only a small
difference in notch sensitivity was found between the engineering
alloys and the tailor-made alloys.

In the cast and homogenised condition, the notch sensitivity was
somewhat higher for the 6110 alloys than for the 6063 alloys, while
after extrusion the 6110 alloys had considerably less notch sensi-
tivity. The reason for the low notch sensitivity is attributed to the
non-recrystallised grain structure of the 6110 alloys after extrusion.
In the uniaxial tension tests, the extruded alloys exhibited weak or no
significant anisotropy in the failure strain. The anisotropy in the
failure strain was, however, stronger in the notch tension tests,
where the ductility in most cases was higher in the extrusion
direction.

For the notched specimens of the extruded 6063 alloys, the higher
content of constituent particles in the tailor-made alloy gave equal or
slightly better ductility than for the engineering alloy. This finding
was attributed to a lower propensity for intergranular fracture as
suggested by the lower number of facets in the fracture surface.
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