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ARTICLE INFO ABSTRACT

Keywords: Single-edge notch bending tests are conducted to study the influence of constituent particles on the fracture
Ductile fracture resistance of aluminum alloys 6061, 6063, and 6110 under high-constraint loading conditions. The alloys
Toughness are tested in the as-cast state after homogenization and artificial aging to temper T6. Each alloy type was

SE(B) tests
Three-point bending
6xxx aluminum alloys
Constituent particles

delivered with two different volume fractions of constituent particles to enable a quantitative assessment of its
impact on the toughness of these aluminum alloys. One variant corresponds to the commercial alloy, whereas
the other variant is tailor made with an increased amount of constituent particles by adding Fe and Si to
the commercial alloy. All alloys exhibit a dendritic structure with particles clustered at grain boundaries and
dendrite arm boundaries. The increased content of constituent particles in the tailor-made alloys is shown to
be purely detrimental for the toughness and reduces relevant fracture energy parameters by more than 50%
in the alloys tested herein. In the plane-strain-dominated regions of the specimens where the stress triaxiality
is highest, crack propagation was found to take place on grain boundaries and dendrite arm boundaries due
to void nucleation, growth, and coalescence from the constituent particles. Differences in toughness between
the alloys are primarily related to variations in the content, size, and spacing of the constituent particles. A
comparison between the three different alloy types, i.e. 6061, 6063, and 6110, shows that strength affects the
toughness, but it does not follow the commonly reported trade-off between strength and ductility.

1. Introduction typically on the ranges of 0.005-0.1 pm, 0.1-1 pm, and 0.5-50 pm,
respectively [6,11-14]. The constituent particles are formed during

Ductile fracture in structural alloys can take place by several mech- casting and are usually Fe-rich, since iron is very difficult to remove
anisms [1], but is commonly associated with void nucleation, growth, from the molten metal and has low solubility in aluminum [15-17]. The
and coalescence [2,3]. Microscopic voids have been found to pre- constituent particles are insoluble, but may transform into other phases.

exist in the material [4,5], but are usually considered to nucleate In the 6000-series aluminum alloys, the particles formed during casting
from particles by cracking or particle-matrix decohesion [2,3,6-9].

Particle content, size, and spatial distribution are therefore considered
key parameters for the ductility and toughness properties of structural
alloys, as shown for instance in the work of Hannard et al. [10].
Aluminum alloys are widely used for structural applications as they
offer high strength-to-weight ratios, good formability and corrosion
resistance, and have an excellent potential for recycling. Commercial,
heat-treatable aluminum alloys contain second-phase particles of var-
ious composition, size and shape. These are broadly categorized as The composition of the constituent particles varies depending on the ex-
precipitates, dispersoids, and constituent particles and their sizes are cess alloying elements (e.g. Mg and Si) and transition elements (e.g. Mn

are mainly Mg,Si and brittle, plate-like g-AlFeSi, which are known to
lower the workability and ductility of the alloy, and cause poor surface
finish of extruded components [18-22]. A subsequent homogenization
treatment dissolves Si eutectics and low-melting Mg,Si, which may pre-
cipitate in the form of smaller #’-Mg,Si particles upon cooling [23], and
transforms the f-AlFeSi particles into more rounded a-AlFeSi particles.
These constituent particles remain as hard inclusions in the alloy [19].
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and Cr) of the alloy [15,17,24,25], but in the DC-cast 6061, 6063, and
6110 aluminum alloys tested by Thomesen et al. [26] the particles
mainly had a composition close to Alsy(Fe,Mn,Cr);,Si;. The dispersoids
are usually formed during homogenization. These are typically rich
in transition elements (e.g. Mn or Cr) and distributed rather homoge-
neously in the grain interior. The strengthening precipitates are formed
from atomic clusters during artificial aging and transform through a
sequence of different precipitation phases [27]. Peak strength condition
(temper T6) is achieved by a combination of coherent GP-zones and
semi-coherent, needle-shaped f precipitates [28,29].

All three groups of particles influence the mechanical properties
of the alloy in various ways and to various extent. Assessing the
influence of the different particle types is quite challenging, since there
is generally a complex interplay between all particles. Microstructural
alterations that are imposed to vary certain characteristics of one par-
ticle type would normally also influence other particle types, making it
more difficult to study the influence of each particle type separately.
Multiscale models developed to account for effects of precipitates,
dispersoids, and constituent particles have revealed that ductility and
toughness are governed by a trade-off in the relative content of various
particles, and that the interplay between different particles is affected
by the matrix strength and hardening properties [14,30].

Precipitates are mainly favorable for the alloy’s properties. They are
effective obstacles for dislocations and thereby increase the strength
of the alloy. However, void nucleation occurs more readily at higher
stress levels, so that the precipitates may also inflict a negative effect
on the ductility and toughness [12,13,30-32]. Ductility and toughness
have been found to decrease up to peak aging, which is the state where
the precipitates have the largest contribution to strength, and then
increase again in the overaged state [13,33]. Increasing the strength
and lowering the hardening capacity generally tend to reduce material
ductility and toughness [6,13,32-36].

The influence of the dispersoids on ductile fracture depends on
competing mechanisms [37] and somewhat conflicting observations
are reported in the literature. A higher dispersoid content has been
found to enhance ductility and toughness in some studies, where the
positive effect is usually attributed to a more homogeneous distribution
of plastic slip and a transition from intergranular to transgranular
failure [11,38-40]. On the contrary, dispersoids have also been shown
to nucleate secondary voids that expedite the coalescence process
and truncate primary void growth by void-sheeting [6,41-44]. Bron
et al. [45] observed that dispersoids nucleated secondary voids within
localization bands in the slant fracture regions of their test specimens.
Also, Liu et al. [14] tested two different aluminum alloys with varying
dispersoid content, induced by different homogenization treatments
and artificial aging, and their results show that dispersoids can sig-
nificantly influence ductility and toughness depending upon their size
and spacing. Numerical finite element simulations [46-49] have also
shown that a secondary void population between the larger, primary
voids expedites void coalescence, but that it is less important in the void
growth stage. Similar results have been reported from experiments, for
instance by Garrett and Knott [34] who observed that void nucleation
from dispersoids occurred only after onset of localized plastic defor-
mations. The dispersoids were thus found to mainly affect the strength
and hardening capacity of the matrix, while the influence on fracture
toughness was minor.

Although both precipitates and dispersoids may constitute a sig-
nificant contribution to the ductile fracture process, the constituent
particles are usually considered to be most detrimental for the ductility
and toughness (see e.g. Hahn and Rosenfield [6], Blind and Martin [11]
and Van Stone et al. [44]). The constituent particles are quite large and
easily bypassed by dislocations, thus offering little contribution to the
yield strength and work hardening [23,32], but are expected to have a
higher propensity for void nucleation [2,10,22,34,42,44,50] and lead to
higher void growth rates [42,44] than smaller particles. Shen et al. [51]
and Petit et al. [52] for instance observed that damage initiated from
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large Mg,Si particles, and later at large iron-rich intermetallic particles,
in a 6061 aluminum alloy. Also, Liu et al. [13] have found that the
ductility was reduced by more than 50% when the constituent-particle
content was only 1%, as compared to a constituent-particle-free ma-
terial, based on multi-scale model simulations. Hence, the constituent
particles have a deleterious effect on the ductility and toughness of
the alloy and the amount of constituent particles should be kept as
low as possible. It is well known that the fracture properties of an
alloy can be enhanced by producing cleaner alloys, such as reducing
the content of particle-forming elements (e.g. Fe and Si), or by opti-
mizing the manufacturing process (e.g. altering the solution treatment)
such that the formation of the most detrimental particles is avoided
[30,44]. However, removing impurities such as iron from the molten
aluminum metal is very costly, and therefore not economically feasible
for commercial alloys, while production processes have been subject
to enhancements for many years and are already quite optimized.
Constituent particles are therefore normally always present. Another
aspect of emerging relevance is the increasing use of recycled aluminum
to meet the emission reduction goals [53]. The recycling process is
inherently associated with contamination and accumulation of impu-
rity elements that can significantly elevate the content of constituent
particles [54,55] and thereby alter the ductility and toughness of these
alloys. This serves as a motivating factor for the current study.

The detrimental effect of constituent particles on ductility and
toughness is firmly established in the literature, but is largely based on
test data deriving either from different alloys or from alloys subjected to
different heat treatments. To study the influence of constituent particles
alone, it is however necessary to test alloys where other microstructural
properties (e.g. grain size, precipitate structure, dispersoid content,
etc.), and thereby strength and work-hardening capacity, are largely
unaltered. Bron et al. [45] performed various mechanical tests on
one commercial and one high-purity variant of the AA2024 alloy, in
which the commercial alloy had about three times higher particle
content. While the two alloys had similar tensile properties, it was
found a notable improvement of the damage resistance in the high-
purity alloy. Das et al. [56] examined the effect of elevated Fe-content
on the formability of aluminum alloys 6022 and 5182, and found that
the formability was significantly reduced when the Fe-content was
elevated. The influence of increased constituent particle content on
tensile ductility and tearing resistance of various 6000-series aluminum
alloys in the as-cast and homogenized state was recently studied by
Tomstad et al. [57] and Qvale et al. [58]. Similarly, the effects of
constituent particles on tensile ductility and shear ductility of extruded
6000-series aluminum alloys were respectively examined by Tomstad
et al. [57,59]. In their alloys, the constituent-particle content was
increased by adding balanced amounts of Si and Fe in a commercial
alloy type, which enabled to vary the particle content while retaining
the grain structure, strength, and work-hardening capacity. As a general
result, all these three studies found a pronounced, detrimental effect of
the constituent particles on the alloys’ damage resistance. In some cases
the alloy experienced a reduction in the damage resistance of more than
50% when the constituent particle content was increased by a factor
of around three [57,58]. It should be noted that the negative effect of
the constituent particles was found to be much greater for as-cast and
homogenized alloys than for extruded alloys, which was attributed to
a re-distribution of the void-nucleating particles to the grain interior
during extrusion [57].

The current study examines the role played by the constituent
particles in limiting the toughness of three different aluminum alloys.
It extends the previous work of Tomstad et al. [57] and Qvale et al.
[58], which was focused on tensile ductility and tearing resistance,
to include loading conditions governed by very high stress triaxiality
ratios. Single-edge notch bending (SE(B)) tests are performed on two
variants of 6061, 6063, and 6110 aluminum alloys in the as-cast state
after homogenization and artificial aging to temper T6: the first variant
corresponds to the commercial alloy type, whereas the second variant
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Table 1
Chemical composition of the six aluminum alloys in wt-%.
Alloy Mg Si Fe Cu Mn Zn Ti Cr Al

6061A 0.903 0.621 0.209 0.204 0.038 0.054 0.106 0.060 Bal.
6061B 1.017 0.811 0.766 0.189 0.040 0.053 0.116 0.071 Bal
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

corresponds to a tailor-made type with an elevated content of iron-
rich constituent particles. Results from the SE(B) tests corroborate the
results and conclusions of the previous studies by Tomstad et al. [57],
Qvale et al. [58] and Tomstad et al. [59], and clearly demonstrate that
the constituent particles have a primary influence on the toughness of
the alloys considered in this study.

2. Materials
2.1. Overview of alloys

Aluminum alloys 6061, 6063, and 6110 are used in the SE(B) tests
conducted in this work. Each alloy was provided in two different config-
urations governed by the constituent-particle content. The commercial
alloys have the lowest content of constituent particles. These were
characterized and tested by Thomesen et al. [26]. An additional set
of alloys was tailor-made with a higher content of constituent particles
by adding Fe and Si to the commercial alloys. The amount of added Si
was adjusted to retain the same level of Si in solid solution in the tailor-
made alloys as in the commercial alloys. Otherwise, the strength and
work-hardening properties would differ between the two alloy variants,
which have an influence on the ductility and fracture characteristics
[17,23]. The chemical composition of the alloys is listed in Table 1.

All alloys were received as DC-cast extrusion billets with a diameter
of 95 mm and were delivered by Hydro R&D Sunndal. The billets
were homogenized according to industrial practice before delivery.
To keep consistent with the notation used in previous studies on the
same alloys [57-59], the three commercial alloys with low constituent-
particle content are referred to as A-alloys or A-variants, whereas the
tailor-made alloys with higher constituent-particle content are referred
to as B-alloys or B-variants.

Material pieces with a size of 11 mm X 11 mm x 70 mm were
cut out from the extrusion billets. The material pieces were extracted
approximately 30 mm from the center of the billets to avoid sampling
artefacts and material defects from regions close to the billet surface.
All material pieces were then solution heat-treated and artificially aged
to temper T6 by the following procedure [26]:

+ Solution heat treatment at 560 °C for 10 min, followed by water-
quenching.

+ Storage at room temperature for 24 h.

« Artificial aging at 180 °C for 8 h, followed by water-quenching.

2.2. Initial microstructure

The initial material microstructure of the A-alloys and the B-alloys
was characterized in the work of Thomesen et al. [26] and Tom-
stad et al. [57], respectively. Therein, grain structure images were
acquired by optical microscopy, whereas the particle distributions were
characterized from backscatter electron micrographs obtained with a
scanning electron microscope (SEM). Different types of constituent
particles form during solidification and homogenization. The major-
ity of the constituent particles is assumed to be variants of a-AlFeSi
[16,19]. Thomesen et al. [26] characterized the chemical composition
of many constituent particles in the A-alloys using energy dispersive
spectroscopy (EDS) and found that they mainly had a composition
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Table 2

Microstructure data of the six aluminum alloys. Average grain size (D,), area fraction
of particles (f,), mean particle size (D,), minimum (D ;,) and maximum (Dg,y,,,) Feret
diameters are given in the table. Particle size and Feret diameters for each alloy are
given in terms of the mean value and the standard deviation (uy +oy) calculated from
the measurement data. The number of particles per square millimeter (N, /mm?) from
the particle analysis is given in the last column. Note that these data are rendered from
data published in previous studies on the same alloys [26,57,58].

Alloy D, [pm]  f, [-] D, [um] Dy [hm] Dy [uml Ny /mn?
6061A 124.0 0.0050 0.59+0.37 0.46+0.28 0.92 +0.82 13087
6061B 101.4 0.0172  0.79+049  0.62 +0.40 136 +1.14 25405
6063A 63.2 0.0061 0.94 +0.55 0.67 +0.42 1.67 = 1.45 6616
6063B 58.3 0.0199 0.96+0.56 0.74 +0.47 1.69 +1.52 20417
6110A 66.7 0.0077 1.01 £0.67 0.78+0.55 1.76 = 1.60 6616
6110B 72.4 0.0240 092+054 0.75+0.53 1.63 +1.35 26 660

close to Alsy(Fe,Mn,Cr);5Si;. We assume herein that the same type of
particles will form in the B-alloys.

All alloys have a dendritic grain structure with nearly equiaxed
grains, as shown in Fig. 1, which is typical for cast alloys [23,32]. Grain
orientations have not been measured in this work, but since the alloys
are in the as-cast state they are assumed to have a random texture
and thus exhibit nearly isotropic behavior, which has been verified
for various aluminum alloys in previous studies (e.g. [32]). The 6061
alloys have the largest average grain size, with some grains more than
200 pm in size, whereas the 6063 and 6110 alloys comprise smaller
grains. The A- and B-variants of a certain alloy have comparable grain
size, as inferred from the average grain size (Dg) listed in Table 2, and
the largest difference is found between 6061A and 6061B. We thus
conclude that the grain structure is largely unaffected by the addition
of Fe and Si in the B-alloys.

The grain images in Fig. 1 show that the constituent particles mainly
reside at the grain boundaries and the dendrite arm boundaries (inter-
dendritic regions) within the grains. Visual inspection readily confirms
that the amount of constituent particles is much higher in the B-alloys
than in the A-alloys. The constituent-particle content (f,), particle size
(D,), minimum and maximum Feret diameters (D pin, Dpmax), @nd
number of particles per square millimeter (N, /mm?) determined from
several SEM images for each alloy are listed in Table 2. Particles smaller
than 0.2 pm were excluded in the particle analysis as they are assumed
to be dispersoids [26,57]. The particle size and Feret diameters are
given in terms of their mean value () and standard deviation (oy).
The particle size is defined as the diameter of a circle having the same
area as the measured particle, i.e. D, = y/4Ape,s/7 [17,57]. Note that
the values of the particle size and Feret diameters listed in this table
deviate from those reported by Tomstad et al. [57] and Qvale et al.
[58] since those authors used area-averaged values, while here we use
arithmetic mean values. The SEM images presented in Thomesen et al.
[26] and Tomstad et al. [57] showed that all six alloys contain elon-
gated particles, and the minimum and maximum Feret diameters listed
in Table 2 yield aspect ratios in the range D i,/ Dg oy € [0.518,0.592].
However, as noted by Tomstad et al. [57], the particles have random
orientation and are assumed to exhibit isotropic properties on average.
The particle content (f,) is about three times higher in the B-alloys than
in the A-alloys due to the added Fe and Si. Correspondingly, the particle
density (number of particles per square millimeter) is much higher in
the B-alloys. Note that the particle density in 6061A is substantially
higher than in 6063A and 6110A, despite the lower particle volume
fraction in the former. This is due to the lower particle size in 6061A,
which is only about half compared to the 6063 and 6110 alloys.

Particle size distributions (PSDs) of the alloys are plotted in Fig. 2.
Each histogram has a bin size of 0.1 pm and is plotted in terms of
the probability density calculated from the particle size measurements.
In all the figures, blue histograms correspond to data for the A-alloys
and orange histograms correspond to the B-alloys. The expression for
a log-normal probability density function (PDF) of the particle size
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Fig. 1. Initial grain structure of the alloys. Primary particles are visible at grain boundaries and dendrite arm boundaries.
Source: The grain structure images were acquired by Thomesen et al. [26] and Tomstad et al. [57].
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Fig. 2. Particle size distributions in terms of equivalent diameter for the six alloys: (A) 6061, (B) 6063, (C) 6110. The y-axis corresponds to the probability density function.

distribution is plotted on top of each histogram. The log-normal PDF
of the particle size D, is given by

(In D, - Mm)z

20']2
n

f(Dp) = (€))

! exp|—
Dyo, V27
where the log-normal mean and standard deviation, denoted y, and
o1y, are calculated from the mean and standard deviation of the particle
measurements (uy, oy) using

2
O,
t = | | oy =4I 1+ D). @
1+ 0% /1 HN
\V N/ PN

The results for the A- and B-variants of each alloy are plotted with
solid, blue lines and dashed, orange lines, respectively. The parameters
governing each of the lognormal PDFs are given in Fig. 2, whereas the
associated mean and standard deviations from the particle measure-
ments conducted by Thomesen et al. [26] and Tomstad et al. [57] are
listed under D, in Table 2. Note that PSD plots of these alloys have
been presented in earlier studies [26,57,58], but these were given in
terms of the area fraction of particles rather than the number fraction.!

Fig. 2 shows that most of the constituent particles are quite small,
with an equivalent circle diameter below 1 pm, in all six alloys. While

! The rationale for using the latter herein is that it gives a somewhat
different impression of the particle content in these alloys and makes the data
more accessible for computational studies where spatial heterogeneity based
on the particle content is taken into account.

the mean particle size is similar in 6063A and 6063B, the A- and B-
variants of the 6061 and 6110 alloys have different mean particle sizes
(see Table 2). In the case of 6061, the particles are larger in the B-
variant than in the A-variant, while for 6110 the particles are larger in
the A-variant than in the B-variant. This is reflected by the PSDs shown
in Fig. 2, where we infer that 6061B is shifted towards larger particles
compared to 6061A, while the opposite is observed for the 6110 alloys.
Although 6063A and 6063B have similar mean and standard deviation
of the particle size, it seems that the PSD for 6063A exhibits somewhat
more dispersion around the mean value. A similar observations is made
for 6110A. It is noted that fewer particles are included in the particle
analyses of the A-alloys, both due to the particle density and the area
used in the characterization [57], and 6063A and 6110A had the lowest
number of particles (N, ~ 1500) included in the particle analysis, which
might explain the larger degree of dispersion observed for these two
alloys.

Pair correlation function (PCF) plots [60,61] are presented in Fig. 3.
The PCFs were generated by looping through the constituent particles
in SEM images sequentially and identifying the position of all neigh-
boring particles within a square window of size 20 pm x 20 pm while
the particle under consideration is placed in the center [57]. The PCF
plots are interpreted as follows: a high scalar value (i.e. yellow color)
indicates a high probability of finding a particle in that region, whereas
a low scalar value (i.e. blue color) indicates a correspondingly low
probability. If the particles are uniformly distributed, the PCF plots
display a uniform color with a unity value.

Fig. 3 shows that the particles in these alloys have a tendency
to cluster, but the near radial symmetry of the PCF plots implies
that the clusters are randomly distributed in the material. This is in
accordance with the observation that the particles reside predominantly
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4

0

Fig. 3. Pair correlation function (PCF) plots for the six aluminum alloys computed from a 20 pm x 20 pm square. The PCFs are replotted based on the data of Tomstad et al.

[57].

at the grain and dendrite arm boundaries (see Fig. 1). The spatially
heterogeneous distribution of the constituent particles leads to a short-
range clustering, with a higher probability of finding a particle close
to the particle than farther away, but since the grain boundaries and
dendrite arms extend randomly in all directions there is no directional
preference on average. Note that the radial symmetry is not as apparent
for the 6063A and 6110A alloys, which - similar to the dispersion in the
PSDs — can be explained from the lower number of particles included
in the particle analysis of these alloys.

2.3. Previous mechanical test results

The material behavior of the alloys used in this study have previ-
ously been examined through tension tests on axisymmetric smooth and
notched samples having a notch radius of R = 2 mm and R = 0.8 mm by
Thomesen et al. [26] and Tomstad et al. [57], and Kahn tear tests by
Qvale et al. [58]. Relevant test data from these studies are re-printed
here for the sake of completeness and to aid the discussion of the results
from the SE(B) tests. The reader should consult the original work for
details regarding the experiments. Stress-strain data from the tensile
tests and force-notch opening displacement (NOD) data from the Kahn
tests are shown in Figs. 4(a) and 4(b), respectively. From left-to-right,
the figures correspond to the 6061, 6063, and 6110 alloys.

Key takeaways from the previous mechanical tests are briefly sum-
marized below. The tension tests showed that:

6061A and 6110A have comparable strength, while the leaner
6063A has lower strength.

6061A and 6063A have comparable ductility, whereas 6110A has
much lower ductility.

6061A has a superior combination of strength and ductility com-
pared to 6063A and 6110A, which can be attributed both to
the lower particle content and the smaller particle size in 6061A
[57,58].

The stress—strain behavior is rather similar between the A-variant
and the B-variant of each alloy. However, some minor differences
are noted:

— The B-variants exhibit slightly higher hardening rate for
small strains, while the hardening rate of the A-variants is
slightly higher at large strains.

— 6063B has a slightly higher strength than 6063A, which was
attributed to a small increase in the content of strengthening
precipitates or solute content in 6063B [57].

» The ductility is reduced for the B-variants compared to the A-
variants, and the ductility reduction is most pronounced for
6061B and 6110B.

« There is a significant notch sensitivity for all alloys, i.e. a strong
influence of stress triaxiality on ductile fracture.

The Kahn tear tests showed that:

+ All A-variants exhibit a higher peak force and a higher Notch
Opening Displacement (NOD) at peak force than the correspond-
ing B-alloys.

» Generally more scatter for the B-variants, especially in the case of
6061B and 6110B.

+ Tearing resistance is reduced for the B-variants, which agrees well
with the lower ductility exhibited by these alloys.

» Reduction in tearing resistance for the B-variants is similar be-
tween the three alloy types.

3. Experiments
3.1. Three-point bending tests

Three-point bending tests have been performed on SE(B) specimens
following the standard BS 7448-1:1991. The specimen geometry and
dimensions are shown in Fig. 5(a) and details of the notch region are
provided in Fig. 5(c). After artificial aging to temper T6, the material
pieces (see Section 2.1) were ground and polished to the final dimen-
sions 10 mm X 10 mm X 70 mm. The machined notch and the grips for
the clip gauge in the central part of the specimens were prepared using
spark erosion and the specimens were then subjected to fatigue pre-
cracking. The fatigue crack extended approximately 1.5 mm from the
machined notch towards the specimen center. The initial crack length is
thus about a; = 5 mm, whereas the specimen width is W = 10 mm, such
that the initial crack length-to-specimen width ratio is approximately
ay/W = 0.5. The specimen thickness is B = 10 mm. Note that the
fatigue crack in reality deviates from the idealistic conditions depicted
in Fig. 5(c): the initial crack is not perfectly straight, the crack depth
varies slightly through the thickness, and the fatigue crack normally
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initiates off-center from the machined notch root — presumably due to
the grain structure.

The test setup is shown in Figs. 5(a) and 5(b). The experiments were
performed in a servo-hydraulic Zwick z030 30 kN universal testing
machine under displacement control. A rigid indenter with a nose
diameter of 10 mm was used to deform the specimens. The specimens
were mounted such that the indenter aligned with the center of the pre-
machined notch, and were supported by two symmetrically positioned
outer rollers with a diameter of 6 mm and a center distance of 40 mm.
Rubber bands were attached between the outer rollers and the test rig,
as shown in Fig. 5(b), to prevent the supports from moving apart.

The crosshead displacement rate was set to 0.5 mm/min to ensure
quasi-static conditions throughout the tests. The force and crosshead
displacement were recorded continuously throughout the test. Addi-
tionally, a clip gauge was attached between the machined grips at
the bottom of the specimen to measure the Crack Mouth Opening
Displacement (CMOD) during the test. A Basler acA4112-20um digital
camera was used to monitor the specimen surface and the displacement
of the indenter nose during the tests. Frictional forces between the
specimen and the supports cannot be avoided, but these are considered
negligible for the test results. Except for 6061A, three repeat tests
were performed on all alloys to large levels of deformation. In the
case of 6061A, five tests were performed to different levels of crack
propagation to facilitate a study of crack development with increasing
external loading.

3.2. X-ray computed tomography

A selection of deformed test specimens were analyzed using X-ray
computed tomography (XCT) to reconstruct the crack surface. The XCT
setup consists of a Nikon XT H225 ST uCT scanner equipped with a
tungsten reflection target and a Perkin Elmer XRD 1620 panel detector
with 2000 x 2000 pixels of 200 pm pixel size and 16-bit pixel depth.
Sufficient X-ray transmission was obtained by using an accelerator
voltage of 160 kV and a current of 81 pA. The field of view was chosen
such that the entire notch region of the specimen was captured, which
gives a voxel size of 8.4 pm. During scanning, 3143 radiograms were
captured and the tomograms were reconstructed using Nikon CT-Pro
3D.

To facilitate further processing of the tomograms, the noise level
was reduced using a 3D-median filter implemented in the image-
processing software Fiji [62]. A median filter kernel size of 3 x 3 x 3
voxels was chosen, which reduced the noise level while preserving the
topology of the fracture surface. Cross-sectional views of the fracture
surfaces were rendered using Fiji, whereas volumetric renderings were
produced using Paraview [63].

3.3. Optical microscopy on deformed specimens

In the same specimens analyzed by XCT, the particles and grains
in the vicinity of the crack were imaged using a Reichert MeF3A
optical microscope. All images were taken on a material section at mid-
thickness where we expect the cracks to propagate farthest into the
specimens due to crack tunneling. A small volume in the central region
of the specimens, including both the notch and the crack ligament, was
cut out and sliced in two halves at mid-thickness. The samples were cast
in Epofix, ground and polished using various SiC paper and polishing
cloths, and then polished with OP-U active oxide suspension for 20 s to
obtain a scratch-free surface.

Regular light microscope images were first recorded to visualize
the particles and the contours of the crack boundary. The samples
were then anodized and reinserted into the light microscope for grain
structure imaging using polarized light. These grain structure images
of the deformed specimens facilitate a qualitative examination of the
governing fracture modes. Both regular light microscope images and
grain structure images were taken at various magnifications. Images of
the crack surface on the grain structure were finally prepared using an
overlay of grain images and regular light microscope images.
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4. Results
4.1. Global response

The force vs. crack-mouth opening displacement (CMOD) data
recorded from all the tests conducted in this study are shown in Fig. 6.
From left-to-right, the graphs in Fig. 6 pertain to test data of 6061 (blue
lines with circle markers), 6063 (orange lines with square markers),
and 6110 (green lines with triangular markers). Solid lines and filled
markers are used for the A-variants (low particle content), whereas
dashed lines and open markers are used for the B-variants (high particle
content) of each alloy type. The two markers highlight the instance of
peak force (first) and the maximum CMOD value (second) obtained
during the test, respectively. In the case of 6061A, five tests were
performed to different final deformation levels to visualize the crack
surface at various load levels using XCT. However, out of the five
tests, only four were accepted (and thus shown in Fig. 6) because
one of the specimens displayed a much lower initial stiffness due to
a problem in the fatigue crack pre-processing of that specimen. Three
repeat tests were performed on the five other alloys in which all the
specimens were loaded to a highly deformed state. Note that a stiffness-
related deviation is also observed in one of the tests on 6110B, but
this deviance is much less pronounced and the test was therefore still
included in the data set.

Increasing the constituent-particle content clearly has a negative
effect on the toughness. The peak force and the CMOD at peak force
are both reduced in the B-alloys, but the magnitude of the reduction
varies between the alloys. The 6061 alloy exhibit the largest influence
of particle content, inferred from the large reduction in both the peak
force and the CMOD at peak force in 6061B compared to 6061A. In the
case of 6063B, the CMOD at peak force is notably reduced, whereas
the peak force level is rather similar to 6063A. This might be partly
attributed to the more ductile character of the 6063 alloy, but is most
likely due to the slightly higher tensile strength of 6063B (see Fig. 4(a)),
which could suffice to balance out a reduction in peak force that
would otherwise be apparent if the tensile strength was similar between
6063A and 6063B. For the 6110 alloy, the peak force is somewhat
reduced in the B-variants while the CMOD at peak force is comparable.
These observations align well with results from Kahn tear tests recently
reported by Qvale et al. [58].

Alloys 6061A and 6063A have the largest tensile ductility [57]
and also display the most ductile character in the SE(B) tests — thus
exhibit the highest toughness. Significant global plastic deformations
have developed in 6061A and 6063A before peak force is reached, and
the subsequent load drop is more gradual compared to the other alloys.
In contrast, 6110A and all the B-variants exhibit negligible plastic
deformations prior to peak force, followed by a rapid loss of load-
carrying capacity. While the deviation between test repetitions in the
post-peak deformation stage is somewhat larger in the A-alloys than in
the B-alloys, the B-alloys have more scatter in the peak force values.
This is reasonable since these materials display a more quasi-brittle
behavior with much more confined plastic deformations. The scatter
in the peak force values is most significant for 6110B, which has a
difference of as much as 25% between the highest and lowest values.
Note that the scatter of 6110B is probably exaggerated because of the
lower initial stiffness observed in one of the three repeated tests on this
alloy (see Fig. 6), and the current tests are therefore not conclusive in
this respect. However, the recent results from Kahn tear tests reported
by Qvale et al. [58] also show a higher degree of scatter for the 6110
alloys (see Fig. 4(b)), which corroborates the results of the current
SE(B) tests. In general, the 6063 alloys exhibit the lowest degree of
scatter in the SE(B) tests, which is consistent with the results from the
Kahn tear tests.

Notable variation between test repetitions is observed for some
of the alloys, which must be taken into account when the test data
are analyzed. The SE(B) tests are governed by high-constraint loading
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Fig. 6. Force-CMOD data from the three-point bending tests. Left-to-right: 6061, 6063, and 6110 alloys. The first marker on each graph highlights the peak force, whereas the
second marker corresponds to the maximum CMOD obtained during the tests. Filled markers and solid lines are used for the A-variants, whereas open markers and dashed lines

are used for the B-variants.

and even small variations in the initial specimen geometry may cause
marked differences in the test results. The fatigue pre-cracking process,
for instance, leads to small differences in the initial crack configuration
between the test repetitions. The fatigue cracks are not straight and
the fatigue crack tip was usually found to be slightly off-center, i.e. not
directly below the indenter, such that crack initiation occurred under
eccentric loading. The alloys with lowest ductility, i.e. the B-alloys,
are more affected by such geometric deviations because the plastic
zone ahead of the crack tip is more confined in those materials. This
suggests that the larger scatter observed in the B-alloys might be partly
attributed to differences in the fatigue crack configuration, or other
geometric deviations, between test repetitions, and not only result from
the alloys’ intrinsic properties.

To facilitate a comparison with the work of Qvale et al. [58], we
calculate the Unit Initiation Energy (UIE) and the Unit Propagation
Energy (UPE) from the force-displacement data. These quantities are
calculated from the mechanical energy divided by the initial area of the
ligament up to peak force (UIE) and up to the point where we observe
a 50%? drop in force level (UPE) in the softening stage, viz.

Jy™* Fdu Juo & Fdu
UE=——, UPE= —— 3
lig Alig

where A, = (W —a) - B =50 mm? and u is the vertical displacement
of the indenter. Note that the fatigue crack profile is not uniform
over the specimen thickness and can vary slightly from specimen-to-
specimen, so that A;;, must be regarded as a nominal value that for
simplicity is assumed constant between all test specimens. Deviations
from this assumption will affect the calculated values of UIE and UPE
to some extent. The displacement of the moving crosshead is influenced
by the compliance of the various components of the test rig, which
leads to inaccurate measurements of the displacement of the rigid nose
indenter. To obtain more accurate data for the vertical displacement of
the specimens, we employed a point tracking algorithm to track the
displacement of the indenter nose from the images recorded during
each test. The point tracking algorithm was available through the
in-house digital image correlation (DIC) software eCorr [64].

The mean UIE and UPE values, and the associated standard devia-
tion, calculated from the SE(B) tests loaded beyond a 50% force drop
are compiled in Table 3. Note that only two SE(B) tests were included
in the calculations for 6061A, since one of the tests were unsuccessful
and the others were stopped at higher force levels, whereas all other
alloys include three repeat tests in the calculations of UIE and UPE. The
mean values of UIE and UPE from the SE(B) tests are plotted against
the area fraction of particles in Fig. 7, indicated by dashed lines and
filled markers. The same quantities calculated from the Kahn test data

2 UPE is usually calculated for larger deformations, e.g. where the load is
reduced to 5% of the peak force or lower, but the unsuccessful test on 6061A
necessitated a higher threshold to include more than one test in the calculation.

of Qvale et al. [58] are also plotted to facilitate a comparison between
the two different test configurations, and these are indicated by dotted
lines and open markers.

Both UIE and UPE are significantly reduced for the B-alloys in the
SE(B) tests. Based on the mean values from Table 3, the reduction of
UIE and UPE in the B-alloys is respectively 55% and 84% for 6061,
60% and 70% for 6063, and 21% and 55% for 6110. It thus transpires
that 6061B and 6063B exhibit a larger reduction in both UIE and UPE
than alloy 6110B, and are consequently more affected by the increased
particle content. This is also readily seen from the graphs in Fig. 7. The
larger reduction of UIE and UPE for the 6061 and 6063 alloys is related
to the transition from a more ductile character of the A-alloys to a
quasi-brittle character of the B-alloys (see Fig. 6 for reference), whereas
both 6110A and 6110B appear quasi-brittle in the SE(B) tests. The
effect of increasing the particle content is thus less prominent for the
6110 alloy. It must be emphasized that this does not imply a superior
behavior of the 6110 alloy - in fact rather the opposite — but is a
manifestation of the comparatively poor properties of the 6110A alloy.
A somewhat different result is observed in the Kahn tests, where the
reduction in both UIE and UPE for the B-alloys is comparable between
all three alloy groups (see Fig. 7). It thus seems that the stress triaxiality
levels attained in the SE(B) tests are sufficiently high to promote quasi-
brittle behavior of the 6110A alloy, while the stress triaxiality is too low
for this to occur in the Kahn tearing tests, and consequently neither in
the tensile tests reported by Tomstad et al. [57].

4.2. Crack topology rendered by XCT

Crack profiles and corresponding force-CMOD plots from the
scanned test specimens are shown in Figs. 8 and 9. In these figures,
the red and blue rectangles shown to the right and below the 3D crack
surfaces are cross-sectional views of the crack surface on planes that
are parallel (red) and perpendicular (blue) to the crack propagation
direction. The longest edge of each rectangle corresponds to the speci-
men width (red rectangles) or the specimen thickness (blue rectangles).
Markers highlighted on the force-CMOD graphs indicate the end of the
tests.

Different stages of crack propagation are indicated by the crack
surfaces depicted in Fig. 8, which correspond to three different levels of
global deformation. Note that these crack profiles were rendered from
three unique test samples (Test 1-3 in the figure) and consequently
do not depict various stages of the same crack. As indicated by the
plotted force-CMOD curves, the first test was stopped shortly after
peak load, whereas the second and third tests were stopped at larger
deformations. In Test 1, the crack has already propagated slightly,
but the crack profile still closely resembles the shape of the initial
fatigue crack. The crack advances through the central region of the
specimen first, i.e. crack tunneling, due to the prevailing plane strain
conditions [45,51]. When the external loading is increased to deforma-
tion levels between Test 2 and Test 3, shear lips develop towards the
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Table 3
UIE and UPE calculated from the SE(B) tests given in terms of mean value and standard deviation.
Alloy 6061A 6061B 6063A 6063B 6110A 6110B
UIE [kJ/m?] 18.63 + 1.59 8.30+0.83 22.52+223 9.04 +0.76 8.05+0.72 6.38 +0.64
UPE [kJ/m?] 41.99 +0.51 6.89 +0.56 55.65 +2.47 16.50 + 0.08 10.48 + 1.02 4.68 +0.20
SE(B) tests Kahn tests SE(B) tests Kahn tests
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Fig. 7. (A) UIE and (B) UPE plotted vs. the area fraction of particles obtained from SEM images. Filled markers pertain to A-alloys and open markers pertain to B-alloys. Dotted
and dashed lines are plotted between the A-variant and the B-variant of the same alloy to aid the interpretation.
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Fig. 8. Evolution of the crack surface during loading. Force-CMOD data for the test specimens used in the XCT analyses are plotted in the upper figure.

outer surfaces of the specimens where the stress triaxiality is lower and
results in through-thickness fracture some distance into the specimen.
This mixed-mode fracture behavior of ductile materials in SE(B) tests
is well-known (e.g. Hahn et al. [65] and Knott [66]). The prevalence
of shear lips can be reduced using side-grooved specimens, which
diminishes the plane stress region and leads to a more uniform crack
extension (e.g. Delorenzi and Shih [67] and Poulose [68]).

The crack surface in extensively deformed specimens for all six
alloys are depicted in Fig. 9. The top row of crack profiles corresponds
to A-variants and the bottom row corresponds to B-variants, while
images from left-to-right pertain to alloys 6061, 6063, and 6110. Note
that the various specimens were deformed to different levels of force
and displacement, as inferred from the markers highlighted in the
force-CMOD curves in Fig. 9, and the crack surfaces consequently only
facilitate a qualitative comparison of the alloys. We readily see that
the crack has propagated farther into the specimens in the B-variants
than in the A-variants, which is corroborated by the lower unloading
stiffness at the end of each test in the B-variants. This explains the rapid

loss of load-carrying capacity, and consequently lower toughness, in the
B-alloys. The crack front also appears more uniform, and the prevalence
of the shear lips seems somewhat less, in the B-alloys. However, the
crack profiles in 6110A and 6110B are rather similar, which is in
agreement with the similarity between the force-CMOD curves (see
Section 4.1) of these two alloys.

4.3. Grain structure images deformed specimens

Grain structure images from the mid-section of the test specimens
used in the XCT analysis are shown in Figs. 10(a), 10(b), and 10(c)
for the 6061, 6063, and 6110 alloys, respectively. A magnified view of
the crack tip region in the same specimens is shown in Fig. 11. The
images were prepared using an overlay of grain structure images and
regular light microscope images to ease the interpretation of how the
crack propagates within the material microstructure (see Section 3.3).

The XCT images (Figs. 8 and 9) show that the crack has a jagged
profile but is nominally flat in the central part of the specimen in all
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Fig. 10. Grain structure and crack path in deformed test specimens: (A) 6061 alloys, (B) 6063 alloys, and (C) 6110 alloys. Images were taken at a 50x magnification.
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Fig. 11. Grain structure close to the crack tip in deformed test specimens. Images were taken at a 200x magnification.

alloys. The grain structure images shown in Fig. 10 corroborate this
observation, where the cracks are seen to propagate in a zig-zag pattern
along a nominally rather straight path through the crack ligament. The
zig-zag pattern results from a competition between the strain localiza-
tion occurring in bands inclined at about 45° from the crack plane,
the global constraints, and the local constraints imposed by the grain
and dendrite arm boundaries. These competing effects are reconciled
by allowing the crack to deviate slightly from the nominally straight
path. The cracks tend to follow the particle-rich grain and dendrite
arm boundaries, as they are primary sites for void nucleation. Since
the grain and dendrite arm boundaries are numerous and randomly
oriented, the probability that one such interface is oriented about 45°
from the crack plane is quite high.

The cracks propagate both by transgranular and intergranular
modes, which is perhaps most easily observed from the grain images
corresponding to the 6061 alloys (Fig. 10(a)) due to their larger grain
size. Closer examination of the magnified views around the crack tip
shown in Fig. 11 reveals that the regions exhibiting transgranular frac-
ture characteristics correspond to dendrite arm boundaries, in which
constituent particles tend to cluster after solidification (see Section 2.2).
Thus, crack propagation takes place along interfaces where the area
fraction of constituent particles is high — either on high-angle grain
boundaries or on the dendrite arm boundaries — in these as-cast alloys;
at least under the prevailing high stress triaxiality loading conditions.

5. Discussion

Variations in the ductility and toughness of metal alloys may have
different physical origins. In terms of macroscopic properties, an alloy’s
strength and work-hardening capacity are usually considered to be
important factors, whereas the grain size and morphology, particle size,
shape, and spacing, and precipitate-free zones are among the micro-
scopical properties that could prove decisive for the ductile fracture
process. This work is mainly aimed at an assessment of the effects
related to the constituent particles. Addition of Si and Fe to the A-
variants increased the content of constituent particles in the B-variants
by a factor of 3.42 in 6061, 3.23 in 6063, and 2.94 in 6110. Only minor
differences in the hardening rate and strength were found between the
A-variant and the B-variant of each alloy, with the largest difference
observed between the 6063 alloys (ref. Fig. 4(a)). Other microstructural
parameters (e.g. particle size, particle shape, and grain size) were
largely unaltered, but the most notable variation was found between
6061A and 6061B where the grain size was reduced and the particle
size was increased in the latter. Also the chemical composition of the
particles and the matrix surrounding them are assumed to be similar
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between the alloys, so the nucleation properties should be the same
in all alloys. Differences between the A-variants and the B-variants are
therefore assumed to derive mainly from variations in the amount and
distribution of constituent particles. However, note that the strength
and work hardening and the microstructure vary between the three
alloy types, i.e. between 6061, 6063, and 6063, which enables a quali-
tative assessment of their relative impact on ductility and toughness of
the alloys tested herein.

Increasing the strength or lowering the work hardening capacity is
normally considered negative for the ductility and toughness [10,31,
32,35,36]. With respect to the strength, this aligns with the observed
trends between the 6063 and 6110 alloys, where the 6110 alloys have a
higher strength but much lower ductility and toughness than the 6063
alloys (see Figs. 4 and 6). In general terms, however, there seems to
be no correlation between the strength and hardening capacity and
the ductility and toughness of these alloys. This is readily seen by
comparing the flow stress curves and the hardening data plotted in
Fig. 12 with the values of UIE and UPE listed in Table 3. For instance,
the 6110A alloy has nearly the same hardening capacity as 6061A, but
only half the ductility and less than half of the toughness of 6061A.
Also, 6063A has the lowest hardening capacity of all alloys, but still
exhibits the highest ductility and toughness. In terms of the trade-off
between strength and fracture resistance [36], the behavior of 6061A
is in fact quite remarkable, having a similar strength as 6110A while
maintaining a ductility, tearing resistance, and toughness comparable
to 6063A (cf. Figs. 4 and 7). This advantageous property of the 6061
alloy seems to be nearly lost when the constituent-particle content is
increased (see results for 6061B), for which the strength is still as
high but the ductility and toughness is markedly reduced. Clearly,
macroscopic properties such as strength and hardening capacity cannot
uniquely account for the differences in damage resistance between
these six alloys.

The SE(B) tests clearly show that an increased content of constituent
particles inflicts poor toughness properties in these alloys. The force—
CMOD data and energy data plotted in Figs. 6 and 7 show that the peak
force level attained in the tests, the CMOD at peak force, and both UIE
and UPE were consistently reduced in the B-variants. While 6061A and
6063A display a ductile character, with notable plastic deformations
taking place before peak force is reached, 6110A and all the B-variants
exhibit very limited ductile behavior in the global response curves and
suffer from a rapid loss of load-carrying capacity. Crack propagation
thus takes place more easily in the B-alloys. The combination of a rather
low ductility and a high stress triaxiality ahead of the crack tip reduces
the size of the fracture process zone and gives rise to a quasi-brittle
character of the B-alloys.
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Fig. 12. Flow stress curves and Kocks-Mecking plots for all alloys based on tests on smooth axisymmetric samples.

Table 4

Estimates of local particle fraction (f,,) and particle spacing (d_gb) based on a simplified
analysis using the expression in Eq. (4) and the microstructural parameter values listed
in Table 2.

Alloy 6061A 6061B 6063A 6063B 6110A 6110B
S 0.35 0.73 0.14 0.40 0.17 0.63
dy, [pm] 1.00 0.92 2.54 1.51 2.45 1.16

The 6061 alloy seems to be most influenced by an increase of
the constituent-particle content, as it exhibits the largest differences
in the force-CMOD curves between the A-variant and the B-variant,
i.e. largest reduction in peak force, CMOD at peak force, and toughness.
One potential reason for this is the difference in mean grain size
and mean particle size between 6061A and 6061B (6061B has larger
particles and smaller grains on average than 6061A), whereas both
the particle size and the grain size are similar in the 6063 and 6110
alloys (ref. Table 2). Conflicting results have been reported regarding
the influence of grain size on toughness (e.g. [6,691), and considering
the similar grain size of the 6063 and 6110 alloys — but very different
ductility and toughness — it is considered less likely that the grain
size has an explicit effect on the ductility and toughness in these
alloys. Note that the dendrite arm spacing and size may also impact
the toughness [70], but these parameters have larger impact on the
properties of cast alloys (in the current study we examine wrought
alloys in an as-cast and homogenized state) where the inter-dendritic
regions constitute a much larger volume fraction. A more likely reason
for the large difference between 6061A and 6061B is that the difference
in particle content between the A-variant and the B-variants is larger
for 6061 than for 6063 and 6110, and additionally that the particles
are larger in 6061B than in 6061A. It transpires that the ductility and
toughness of these alloys are primarily governed by the constituent
particles. The influence of the constituent particles is, however, not
only related to the volume fraction of these particles, but also to their
size, shape, and spatial distribution.

Figs. 10 and 11 show that crack propagation occurs primarily at the
grain boundaries and dendrite arm boundaries in the regions governed
by plane strain conditions, i.e. towards the center of the specimen. Frac-
ture thus occurs by void nucleation, growth and coalescence from the
constituent particles at these interfaces. High stress triaxiality loading
has been found to increase the propensity for intergranular fracture in
materials where the matrix is separated by softer zones [35], which
gives rise to local concentrations of stresses and strains. This is in
some sense similar to the type of property mismatch induced by grain
boundaries and dendrite arm boundaries in the current alloys. Strain
localization analyses based on the imperfection-band approach [71]
have clearly demonstrated how material imperfections set limits to
the failure strain (e.g. [72-75]). Deshpande et al. [76] noted that
cracks would advance by intergranular fracture when there is a high
probability of finding a grain segment perpendicular to the loading
direction. The near radial symmetry of the PCF plots in Fig. 3 shows
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that the particle clusters are quite randomly distributed in the six
aluminum alloys examined in the current study. We may therefore
assume that the grain boundaries and dendrite arm boundaries exhibit
a random orientation on average, and considering that the grains and
dendrite arms exist in large numbers in these alloys, it is a rather high
probability of sampling a particle-containing interface in a favorable
orientation close to the crack tip. Plastic strains will concentrate in
bands oriented at around 45° to the crack plane, which thus seems a
favorable orientation for crack extension. However, global constraints
set by specimen geometry and loading conditions promote a straight
crack path normal to the loading direction, and the crack thus advances
in a zig-zag pattern to reconcile these two competing effects. This
causes the jagged fracture surface observed from the XCT images and
the grain images of the deformed samples shown in Sections 4.2 and
4.3.

All alloys have constituent particles arranged in short-range clusters
at dendrite arm boundaries and grain boundaries, and there is conse-
quently no apparent difference between these alloys in terms of the
spatial distribution of the constituent particles. However, this implies
that the density of grain boundaries (i.e. grain size) and dendrite arm
boundaries exerts an influence on the local area fraction of particles
and the mean particle spacing. The area fraction of particles can be
significantly higher, and the particle spacing can be significantly lower,
if the particles are clustered along these interfaces, as inferred from
the SEM image shown in Fig. 13. The SEM image is adapted from
the work of Tomstad et al. [57]. The toughness of aluminum alloys
has been found to decrease significantly when the fraction of grain
boundary particles increases [77-79]. Nakai and Eto [80] reported
that the fracture toughness was proportional to the square root of the
particle spacing from tests on a 2024 aluminum alloy, and found that
the fracture toughness increased by 20% when the particle spacing
changed from 75 pm to 140 pm. Similar effects could also be important
for the aluminum alloys used in the current study.

To qualitatively examine how this short-range clustering affects
the local particle fraction and particle spacing, we make a simpli-
fied analysis assuming that all particles are confined to the grain
boundaries, rather than being homogeneously distributed throughout
the grain. Note that the dendrite arms within the grains (ref. Fig. 1)
are not accounted for in this simplified analysis. We assume that the
grains and particles are cubic with characteristic sizes equal to D,
and D, respectively, and that each grain boundary is shared by two
grains. Each of the six faces of the grain thus contain 1/3 of the N,
number of constituent particles. If the particles are further assumed to
be uniformly distributed along the grain boundaries, i.e. the particle
spacing is constant, the local area fraction of constituent particles (f,,)
and the mean particle spacing at the grain boundaries (dy,) may be
expressed as

D, L
far= %D—ifp, dy = V31,7 D, @

103
2 2
DP
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+~, Dispersoids
‘s 4

Fig. 13. SEM image of particles in 6110B. The large constituent particles are seen
to arrange in short-range clusters while small dispersoids (small dots) are distributed
evenly throughout the grains. The SEM image was acquired as part of the study
by Tomstad et al. [57].

where fp> Dps and D, refers to the particle fraction, particle size, and
grain size determined from the microstructural characterization (see
Section 2.2). It must be stressed that this analysis, and consequently
also the expressions in Eq. (4), is highly approximate and based on ide-
alizations that do not correctly represent the material microstructure.
Note that the expression for f,, can be written on a form similar to that
reported in Bourcier et al. [81], i.e. fop = kf§/3, if the parameter k is
equal to {/N,/3.

If the microstructural data compiled in Table 2 are inserted in these
expressions, we obtain the values listed in Table 4. Even though these
values are clearly exaggerated and should not be used quantitatively,
they still facilitate a qualitative interpretation of the particle clusters, as
inferred from Fig. 13, and can therefore rationalize some of the trends
in ductility and toughness properties of these alloys. For instance, the
relatively high toughness of 6063A can be understood as a combination
of its lower strength, that it has the lowest estimated area fraction of
particles, and that it has the largest ratio dy,/D, between estimated
particle spacing and particle size (cf. Tables 2 and 4). Similar arguments
may be used for the 6063B alloy in comparison with the other B-
alloys. Another example is the difference between 6061A and 6061B,
which is found to be larger than between the A-variant and B-variant
of the two other alloys. This could be caused by the combination of
(i) a larger mean particle size in 6061B, (ii) that the 6061 alloy has
the largest increase in particle content between the A- and B-variant
(as previously discussed), and (iii) that the local particle spacing is
very small, and quite similar to the mean particle size, in 6061B (cf.
Tables 2 and 4). The latter implies that the inter-particle ligament size
is drastically reduced. In turn, this intensifies the stress concentration
and increases the void nucleation rate, and additionally increases the
propensity for strain localization between neighboring voids, which
expedites void coalescence — in the extreme case, void coalescence
occurs nearly simultaneously with nucleation. On the contrary, 6061A
has both larger mean spacing and smaller particles, which increases
the inter-particle ligament size. This combination could be a primary
reason for the outstanding properties of 6061A, but it should be noted
that 6061A still has a quite large area fraction of particles according to
the estimate of this simple analysis. The smaller particle size therefore
seems to be a more viable explanation for the relatively high ductility
and toughness of 6061A.

The much lower ductility and toughness of the 6110 alloy compared
to the other alloys cannot be explained from the simplified analysis
presented above. For instance, the estimated values listed in Table 4
above entail that the particle spacing is much higher in 6110A than
in 6061A, and that the estimated area fraction of particles is generally
less in the 6110 alloy than in the 6061 alloy. Both these effects should
increase the toughness, but the opposite is observed in the SE(B) tests.
Of course, the premises of the simplified analysis presented above
were at best approximate. There are several aspects that may either
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independently or jointly inflict the poor toughness of the 6110 alloy
(cf. Table 2 and Fig. 4):

+ high strength (comparable to 6061),

» highest particle content,

» largest mean particle size (comparable to 6063),

» largest standard deviation (calculated from the particle measure-
ments), i.e. the widest range of particle sizes,

+ small grains (comparable to 6063), and

« highest Mn-content.

High strength and high stress triaxiality will both increase the
maximum principal stress and thereby expedite the void nucleation
process [9,30,82,83], after which the high stress triaxiality leads to
rapid void expansion and imminent void coalescence. As such, the 6110
alloy adheres to the commonly reported trade-off between strength and
toughness. Further, the fraction of broken particles has been found
to increase markedly with increasing particle size in various 6xxx
aluminum alloys [10], which implies that larger particles have a higher
propensity for void nucleation. Since the 6110 alloy both has high
strength and relatively large particles, these two effects may jointly
be responsible for the large differences in ductility, tearing resistance,
and toughness between 6061 and 6110 (cf. Figs. 4 and 7). Generally
speaking, both the high particle content and the smaller grain size of
the 6110 alloys will tend to lower the particle spacing, although this
is partly counteracted by the larger particle size, as inferred from the
values in Table 4. A wider range of particle sizes may also increase
the void nucleation rate [50], but this is not believed to have a large
effect for the alloys here since the standard deviation of the particle
size measurements is not significantly different between the alloys.

It is somewhat puzzling that 6110A has a lower toughness than
6063B, and comparable to 6061B, even though the constituent-particle
content is less than half in the former. This observation is difficult to
rationalize based on what has been discussed previously. The much
higher Mn-content in the 6110 alloys is a conceivable reason, since
it leads to the formation of a rather uniform distribution of small
dispersoids throughout the grains, as shown for the 6110B alloy in
Fig. 13. As mentioned in the Introduction, conflicting observations have
been reported regarding the dispersoids’ influence on ductility and
toughness in metals (e.g. Blind and Martin [11] and Liu et al. [12,13]).
They have both been found to increase the toughness, presumably by
causing a more homogeneous plastic slip distribution or by causing a
transition from intergranular to transgranular fracture, and to lower
the toughness, mainly by promoting void-sheeting. Walsh et al. [37]
found that the Mn-content had a pronounced effect on the ductility and
toughness of a 2134 aluminum alloy with four different levels of Mn.
Up to a certain (critical) value, addition of Mn led to the formation of
slip-distributing dispersoids that increased the ductility, but increasing
the content of Mn beyond this point only led to the formation of larger
Mn-rich primary particles that lowered the ductility. The chemical com-
position of the constituent particles analyzed by Thomesen et al. [26]
suggest that they have a composition close to Alsy(Fe,Mn,Cr);5Si;. A
part of the Mn content is therefore tied up in these constituent particles,
while the remaining Mn atoms form smaller dispersoids or other types
of Mn-rich particles. Based on the chemical composition (ref. Table 1),
the 6061 and 6063 alloys are not expected to form dispersoids, whereas
a high amount of dispersoids are expected to form in the 6110 alloys.
Considering that both 6110A and 6110B exhibit poor toughness, it is
difficult to advocate a positive effect of the dispersoids on the tough-
ness. However, there are no obvious signs that the dispersoids affect
the toughness negatively either, since all alloys were found to mainly
fracture along the grain and dendrite boundaries, while the dispersoids
are distributed in the grain interior (Fig. 13). It transpires that the
dispersoids have no apparent influence on toughness in these alloys, but
it must be noted that this conclusion is strongly related to the as-cast
state of the alloys where the constituent particles are clustered along
grain and dendrite arm boundaries. This imposes strong constraints
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for crack propagation and governing fracture mechanisms, which are
alleviated for instance in extruded alloys where the constituent particles
are re-distributed to the grain interior. In the latter case, the dispersoids
might have a larger influence on fracture resistance, but this is outside
the scope of the current study.

Many of the observed trends in the SE(B) tests can be explained
based on the microstructural properties, in combination with the ma-
terial strength, and the results from the SE(B) tests corroborate con-
clusions from the previous studies on the same alloys [57,58]. It is
still, however, difficult to account for the large discrepancy between
6061A and 6110A based on the currently available data. Differences in
particle size might be the main reason, provided that the particle size
in these alloys is sufficiently different to change the nucleation rate
quite markedly. Another viable candidate for causing these differences
is precipitate-free zones (PFZs), as for instance recently studied in a
similar aluminum alloy by Arani et al. [84], which are present in
the aluminum alloys considered here (see e.g. [85]). The PFZs are
softer than the surrounding grains, which can lead to significant strain
localization (see e.g. [84,86]), and have the largest influence for the
peak-aged condition (temper T6) where the strength is highest. Based
on an idealized finite element model of the PFZ, Pardoen et al. [87]
found that the effects of PFZs on failure in aluminum alloys were
most pronounced when (i) the material is subjected to high stress
triaxiality loading conditions, (ii) the voids are closely spaced, and (iii)
the PFZs are quite thick compared to the void size. The two former
factors are clearly relevant in the current context and imply that PFZs
may affect the failure process in these alloys. However, a detailed
assessment of the PFZs’ influence on failure requires detailed material
characterization using transmission electron microscopy (TEM) and is
outside the scope of the current work.

6. Concluding remarks

This study has examined the effects of constituent-particle content
on the fracture of three 6000-series aluminum alloys under high-
constraint loading conditions. Single-edge-notch bending tests on spec-
imens with a fatigue crack were performed to enforce high stress
triaxiality loading conditions at the crack tip. All alloys were artificially
aged to temper T6. To isolate effects of the constituent particles, each
of the three alloy types was manufactured with two different volume
fractions of constituent particles. One variant (A-alloy) corresponded to
the commercial alloy type, whereas the second (B-alloy) was manufac-
tured with a higher amount of Fe and Si. This increased the amount
of constituent particles, while the grain structure, strength, and work
hardening were largely unaltered.

The SE(B) tests clearly showed that an increased content of con-
stituent particles reduces the fracture resistance in these 6000-series
aluminum alloys. Strength was found to influence the toughness, but
the results of 6061A and 6110A showed that there is no monotonic
relation between these two parameters. This contradicts the com-
monly reported trade-off between strength and toughness, and implies
that strength is not always the most decisive factor for ductility and
toughness in these alloys. The toughness is primarily affected by the
constituent-particle content, the particle size, and the spacing between
the particles. The B-alloys and the 6110A alloy exhibited a quasi-
brittle character, whereas 6061A and 6063A displayed a somewhat
more ductile character. This was confirmed by the fracture energy
values calculated from force-CMOD data in the tests, represented here
in terms of UIE and UPE. The constituent particles were found to
mainly reside at the grain boundaries and the dendrite arm boundaries
within the grains and these interfaces were found to be preferential
sites for crack propagation in the specimen center, regardless of the
alloy type and constituent-particle content. Fracture in the SE(B) tests
was consequently governed by continuous void nucleation, growth, and
coalescence from constituent particles at grain boundaries and dendrite
arm boundaries for all six alloys. Previous studies by Tomstad et al.
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[57] and Qvale et al. [58] have demonstrated that an increase of the
constituent-particle content is detrimental for the ductility and tearing
resistance of these materials. Based on the results from the SE(B) tests
performed in the current study, it is concluded that the constituent
particles have an even larger influence on the fracture resistance of
these materials when the stress triaxiality increases.
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