
Int J Fract (2022) 238:165–183
https://doi.org/10.1007/s10704-022-00658-8

ORIGINAL PAPER

The effect of constituent particles on the tear resistance
of three 6000-series aluminium alloys

Kristin Qvale · Susanne Thomesen ·
Odd Sture Hopperstad · Tore Børvik

Received: 3 March 2022 / Accepted: 8 July 2022 / Published online: 12 August 2022
© The Author(s) 2022

Abstract This paper investigates the tear resistanceof
three cast and homogenized 6000-series alloys, namely
AA6061, AA6063 and AA6110, all in temper T6, by
means of Kahn tear tests. Of each alloy one commer-
cial version and one tailor-made version were studied.
The tailor-made alloys were designed to have approxi-
mately three times higher content of constituent parti-
cles by increasing the amount of Fe and Si in the chem-
ical composition. The aim was to study in what way a
higher constituent-particle content affects the tear resis-
tance and properties of the alloys. The research showed
that the unit initiation and propagation energies mea-
sured from the Kahn tear tests are markedly reduced
when the constituent-particle content is increased, and
that the tear resistance is reduced by a higher fraction
than the failure strain of the smooth tensile tests. No
major differences in the fracture mode and the frac-
ture mechanisms between the alloys with normal and
with high constituent-particle content were revealed by
the use of computed tomography scanning or scanning
electron microscopy imaging. It was concluded for the
alloys studied that the increased content of constituent
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particles had a significant effect on the tear resistance,
while the fracture mode and mechanisms remained the
same.
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1 Introduction

Aluminium alloys contain particles of various sizes. As
ductile fracture is governed by nucleation, growth and
coalescence of voids, these particles and their inter-
play with the matrix become important for the fracture
mechanisms.The toughness of an alloy defines its resis-
tance to crack extension, and it follows that the ductile
fracturemechanisms (andwhat affects these) are essen-
tial components for the toughness. For ideal toughness,
a combination of high ductility and high strength is
desired, but strength often comes at the cost of ductility,
and normally higher yield strengths involve a net reduc-
tion in toughness (Hahn and Rosenfield 1975; Dumont
et al. 2003; Petit et al. 2019).

The three particle groups that affect fracture in alu-
minium alloys are coarse constituent particles, dis-
persoids and precipitates. There is agreement that the
coarse constituent particles have the strongest influence
on toughness and ductility (Blind and Martin 1983;
Liu et al. 2004). The constituent particles may crack
at low strains, and thus initiate the fracture process
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(Broek 1973; Hahn and Rosenfield 1975). The liga-
ments between the voids nucleated at the constituent
particles may then fail by void sheeting involving voids
nucleated at dispersoids or precipitates (Broek 1973;
Hahn and Rosenfield 1975; Sutton et al. 1997; Bron
et al. 2004).

The effect of the constituent particles on the duc-
tility is purely detrimental, and they otherwise serve
no useful purpose in structural alloys (Polmear 2006).
By multiscale modelling, Liu et al. (2004) found that
the intrinsic ductility of twoAl–Cu–Mg andAl–Mg–Si
alloys is halved by the presence of 1% constituent parti-
cles. In numerical simulationswith discretelymodelled
particles in a porous plasticity matrix, Srivastava et al.
(2014) found that for the lower inclusion contents the
fracture toughness decreased rapidly with increasing
inclusion content, while for the higher inclusion con-
tents there was no decrease in toughness with increas-
ing inclusion content. Tomstad et al. (2021) studied the
influence of the volume fraction of constituent particles
on the tensile ductility of cast and homogenized and
extruded 6000-series aluminium alloys. They found
that the negative effect of increased constituent par-
ticle content on the tensile ductility is significant in the
cast and homogenized condition, butmarkedly reduced
in the extruded condition. Bron et al. (2004) performed
a range of mechanical tests on one commercial variant
and one high-purity variant of a 2024 aluminium alloy,
with a notable improvement on the damage resistance
by the reduced particle content in the high-purity vari-
ant. The dispersoids may contribute to distribute slip,
which may increase the toughness (Blind and Martin
1983). They may also decrease the detrimental effect
of the precipitates on ductility (Liu et al. 2004). The
precipitates’ detrimental effect on ductility is closely
related to their strengthening effect. Up to peak ageing,
the ductility is reduced, while it increases again after
peak ageing (Liu et al. 2004). The same trend has been
observed for the toughness (Dumont et al. 2003). Shen
et al. (2013) and Petit et al. (2019) observedMg2Si par-
ticles as the prime nucleation site in compact-tension
specimens of an AA6061-T6 alloy, while the (Fe,Si)-
rich particles cracked at higher strains. Nucleation of
voids at constituent particles only at very high strains
was also observed by Ghahremaninezhad and Ravi-
Chandar (2012) in tensile tests of a 6061-T6 alloy.

For thin sheets, the Kahn tear test (ASTM Standard
B871-01 2001) gives a good comparative measure of
the fracture toughness for aluminium alloys in accor-

dancewith other fracture toughnessmeasures (Dumont
et al. 2003). Remote mode I tearing of thin metal sheets
normally results in either a flat (cup–cup) fracturemode
or a slant fracture mode (fully slant or V-shaped/cup-
cone). Traditionally, the fracture mode has been cor-
related with the hardening capacity. Pardoen et al.
(2004) showed that a number of materials with high
strain hardening capacity in common systematically
fractured in a flat manner. Hickey and Ravi-Chandar
(2016) studied an O-temper and a T6-temper of a 6061
alloy, which respectively fractured in a flat and a slant
mode. Some authors have further connected the strain
hardening capacity that decides the local fracture mode
to depend on the particle content. Tekoğlu and Nielsen
(2019) and Çelik et al. (2021) modelled particles dis-
cretely in a 2D plane-strain model and found that the
number, size, distribution and shape of the particles
strongly influence the resulting tearing mode. For high
numbers or large sizes of the nucleation sites, the dam-
age mechanism shifts from void-by-void interaction,
causing cup–cup fracture, to simultaneous interaction
of multiple voids, causing slant fracture. These mecha-
nisms were also distinguished and respectively associ-
ated with lower and higher inclusion volume fractions
by Srivastava et al. (2014). Bron et al. (2004) observed
experimentally that dispersoids were involved in the
fracture mechanism between the primary voids in the
slant part of the crack, while internal necking was dom-
inant in the initial flat tunnelling at the notch. Tekoğlu
and Nielsen (2019) also found that for low to interme-
diate contents of particles, macroscopic shear banding
occurs before microscopic damage nucleation. Forma-
tion of shear bands preceding void nucleation was also
observed experimentally by other authors for both a low
and high work-hardening 2000-series aluminium alloy
by the use of in-situ synchrotron laminography and dig-
ital volume correlation (Morgeneyer et al. 2014; Buljac
et al. 2016, 2018). The shear bands formed occur in
pairs, with the two bands normal to each other. One of
the bands is active, but which band is active may alter-
nate, such as seen using digital volume correlation by
Buljac et al. (2016, 2018). In some cases the switch
of active band results in crack flipping (El-Naaman
and Nielsen 2013; Buljac et al. 2018). The shear band
switches start by shear lips forming near the plate sur-
face,which eventuallymerge to the opposite shear band
(El-Naaman and Nielsen 2013; Nielsen and Gundlach
2017), and the switchesmay occur in a systematicman-
ner, see, e.g., El-Naaman and Nielsen (2013).
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This experimental work is focused on the effect
of the constituent particles on the mode I tearing
behaviour of three cast and homogenized 6000-series
aluminium alloys. By increasing the amounts of Fe and
Si, we aim to achieve a second version of the alloys
with higher constituent particle content. The goal is to
get two versions of each alloy with different ductility,
while retaining the strength level. By carefully con-
trolling the chemical composition, we try to isolate the
effect of increased constituent particle content on frac-
ture and crack propagation in Kahn tear tests and relate
these findings to previous observations on the effects
on the tensile ductility. Detailed studies on the tensile
ductility of these alloys were performed by Thome-
sen et al. (2020) and Tomstad et al. (2021), except for
one of the alloys studied here. A summary of these
results is presented in Sect. 2 of this paper, which is fur-
ther organized as follows. The experimental program
and data acquisition procedures are briefly presented in
Sect. 3. Section 4 provides the results, which are dis-
cussed in Sect. 5. Concluding remarks are presented in
Sect. 6.

2 Materials and experimental background

In this work, we investigate three 6000-series alu-
minium alloys. Two versions of each alloy are stud-
ied; one is a commercial alloy, while the other is tai-
lored to have a significantly higher content of con-
stituent particleswhile retaining the sameyield strength
and work-hardening. The three commercial alloys
are AA6061, AA6063 and AA6110. In the follow-
ing, the commercial alloys are referred to as alloy
6xxxA, while the tailored alloys are denoted alloy
6xxxB.

Characterizations of the microstructure and macro-
scopic stress–strain behaviour have been reported by
Thomesen et al. (2020) for the three commercial alloys.
Tomstad et al. (2021) extended the work for two of the
tailored alloys, i.e., the alloys 6063B and 6110B, and
compared them to the respective commercial alloys. A
brief description of the particle characterization and
tension test results from these studies are presented
below for completeness, along with additional data
for the 6061B alloy which have not previously been

presented. For further details, the reader is referred to
Thomesen et al. (2020) and Tomstad et al. (2021)1.

2.1 Chemical composition and heat treatment

The B-alloys were designed to have a higher content
of constituent particles than the A-alloys, while keep-
ing other microstructural features unaltered. The aim
was to retain the strength and work-hardening of the
commercial alloy while observing the effect of the
increased constituent particle content on the ductility
and toughness. The higher constituent particle content
was achieved by increasing the amount of iron (Fe)
and silicon (Si) in the alloys. This is readily seen as the
major differences between the A- and the B-alloy in
Table 1, which presents their chemical compositions.

All six alloys were received (from Hydro Alu-
minium R&D Sunndal) as DC-cast extrusion billets in
the cast and homogenized condition. A dendritic grain
structure with equiaxed grains, typical for cast alloys,
was found for all alloys. The average grain sizes are pre-
sented in Table 2. For the A- and B-versions of 6063
and 6110, the average grain size is similar, while some
difference is seen for the two versions of 6061. It is
however worth noticing that the two 6061-alloys have
significantly larger grains than the other alloys, espe-
cially for the A-alloys where the size is nearly twice
the grain size of the 6063- and 6110-alloys.

The various tensile test specimens were machined
from the billets and then heat treated to temper T6
according to the following procedure:

– Solutionizing at 560 ◦C for 10 min followed by
water quenching.

– Storage at room temperature for 24 h.
– Artificial ageing at 185 ◦C for 8 h followed bywater
quenching.

2.2 Particle content

The constituent particles were characterized through
backscatter electron micrographs obtained using a
scanning electron microscope (SEM). The cast and

1 By a mistake, the original paper by Tomstad et al. (2021) con-
tains data for a 6110B-alloy that had not been homogenized after
casting. Note that the current paper presents data for the homog-
enized version.
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Table 1 Chemical composition of the 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.

Table 2 Average grain size, area fraction of constituent particles and the area-weighted average of the particle diameter in the alloys

Average grain size (µm) Area fractionof particles (−) Average particle diameter (µm)

6061 6063 6110 6061 6063 6110 6061 6063 6110

A-alloy 124 63 67 0.0050 0.0061 0.0076 1.16 1.64 1.85

B-alloy 101 58 72 0.0172 0.0198 0.0240 1.45 1.67 1.60

Some of the data have previously been presented in the papers by Thomesen et al. (2020) and Tomstad et al. (2021)

homogenized condition causes a heterogeneous dis-
tribution of particles, with the particles situated on
the grain and dendrite boundaries (Westermann et al.
2014). The images were post-processed to obtain the
particle size distributions of each alloy, and the results
are plotted in Fig. 1. The figure presents the fraction
(in %) of the total constituent-particle area versus the
equivalent particle diameter, the latter being defined as
the diameter of a circle with the same area as the actual
particle. Particles with an equivalent diameter less than
0.2 µmwere omitted to avoid analyzing dispersoids. It
is noted that only the two 6110-alloys contain disper-
soids. The area-weighted average particle sizes of the
alloys are presented in Table 2.

Table 2 and Fig. 1 show that the A-alloys have quite
different particle size distributions. Alloy 6061A has a
large fraction of smaller particles and a small fraction
of larger particles, while the opposite is true for 6110A.
The particle distribution of 6063A is intermediate. For
6063, the B-alloy has more or less similar size distri-
bution and average particle size to the A-alloy, while a
shift towards larger particles is seen for the B-alloy of
6061. This is in contrast to 6110, where a shift towards
smaller particles is seen for the B-alloy relative to the
A-alloy.

It should be noted that the number of particles in
every size group varies significantly between the alloys,
and that the figure only reveals information regarding
the size distribution. The resulting area fractions of

constituent particles are presented in Table 2. There
is clearly a significant difference between the three
A-alloys in terms of total particle content. The table
also reports an approximately three times higher area
fraction for the B-alloys than for the A-alloys, as was
intended.

2.3 Tensile tests

Tensile tests on axisymmetric smooth and notched
specimens have been performed for the A- and B-
versions of the three alloys. All specimen geometries
had a nominal gauge diameter of 6mm, and the notched
specimens had nominal notch radius of 2.0 mm and 0.8
mm.

Figure 2 shows the true stress–logarithmic strain
curves obtained from the tensile tests. These are aver-
age measures across the minimum cross section. The
true stress σ was calculated as σ = F

A and the logarith-

mic strain εwas calculated as ε = ln A0
A , where F is the

measured force, A0 and A = π
4 D1D2 are the initial and

current cross-sectional area, respectively, based on two
perpendicular laser gauge measurements of the diame-
ter of the specimen D1 and D2. Alloys 6061 and 6110
have similar strength, which is markedly higher than
for 6063. Simulations using the nanostructure model
NaMo (Myhr et al. 2015) were presented by Thome-
sen (2019) for the A-alloys. The results showed that the

123



The effect of constituent particles on the tear resistance 169

Fig. 1 Particle size distribution plots for the A and B versions of the three alloys: a 6061, b 6063 and c 6110. Some of the data have
previously been presented in the papers by Thomesen et al. (2020) and Tomstad et al. (2021)

lower strength of 6063A was due to a somewhat lower
precipitate level and a markedly lower solute level in
this alloy compared to the two other A-alloys. Figure 2
further shows that the corresponding A- and B-alloys
display fairly similar strength, with only minor differ-
ences in the stress level for 6061A and 6061B and for
6110A and 6110B, while 6063B has stress levels some-
what above 6063A. It is however noted that the stress–
strain curves are plotted from just below the yield stress,
and thus rather small differences seempronounced.The
small increase in strength is attributed to a small amount
of the extra Si not forming constituent particles with
Fe as intended, but rather forming hardening precipi-
tates with excess Mg, or by some amount of Si or Fe
remaining in solid solution and thereby contributing to
the solid solution hardening. Only minor differences in
the slope of the work-hardening curve are observed.

The failure strain of the B-alloys is notably reduced
compared to theA-alloys. The alloys 6061Aand6063A
have comparable failure strains for all geometries. The
comparable ductility was found despite nearly twice as
large grains and a significantly higher yield stress for
6061A than for 6063A, which was attributed mainly to
the large portion of smaller-sized constituent particles
(and the lower constituent-particle content overall) in
6061A (Thomesen et al. 2020). Further, 6061B appears
to be more affected by the increased constituent-
particle content than 6063B. The stronger effect of
increasing the constituent-particle content found for
6061B is presumably due to the shift towards larger
particles, while the particle size distribution of 6063B
is almost unaltered compared to 6063A. Although

the grain size is somewhat smaller in 6061B than in
6061A (while being similar for the two 6063-alloys),
the shift towards larger particles in 6061B is seemingly
of greater importance for the ductility of this alloy.
Alloy 6110A has lower failure strains than the the other
A-alloys, which is attributed to the high strength and
larger particle sizes (Thomesen et al. 2020). The failure
strain of 6110B is also significantly lower than those of
the other B-alloys. However, 6110 is less affected by
the increase in constituent particle content than 6061.
This is attributed to the shift towards smaller particles
for 6110B, while the particle size distribution shifts
towards larger particles for 6061B.

Introducing a pre-machined notch reduces the fail-
ure strain of all the materials due to the increased stress
triaxiality in the notch region. However, the failure
strain does not strictly decrease with decreasing notch
radius, as would be expected, and the failure strain of
the R0.8 tests is either nearly equal to or larger than for
the corresponding R2.0 tests for all six alloys. Thome-
sen (2019) investigated this observation using finite
element simulations, and found that fracture initiated
at different locations for the two geometries. Damage
accumulation is known to be driven by the plastic strain,
but amplified by the stress triaxiality. The large differ-
ences in the stress triaxiality versus plastic strain curves
of the R2.0 and R0.8 specimen geometries were thus
leading to different failure modes, which is a viable
explanation to this unexpected observation. The reader
is referred to that work for details.

The notch sensitivity, defined by the relative reduc-
tion in failure strain of a notched specimen compared to
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Fig. 2 True stress–logarithmic strain curves from tensile tests
on smooth and notched specimens of a 6061, b 6063 and c 6110.
Themarkers indicate the point of failure, defined aswhen the true

stress starts to decrease. The curves are obtained from raw data
also used by Thomesen et al. (2020) and Tomstad et al. (2021)

the smooth specimen, is notable for all alloys. For theB-
alloys, the notch sensitivity is fairly constant through-
out the selection of alloys and notch radii. The same
is true for the A-alloys, except for the R0.8 specimens
of 6061A and 6063A which display a markedly lower
notch sensitivity than the remaining specimens of the
A-alloys. Although the level of the notch sensitivity is
somewhat similar for the A- and B-alloys, there is a
slight, but consistent, increase in notch sensitivity of
the B-alloys relative to the A-alloys. The difference in
notch sensitivity between the A- and B-alloys is small
compared to the overall reduction in ductility, and is
hence not considered a main outcome of the increased
constituent particle content, but the difference in the
failure strain between the A- and the B-alloys is some-
what larger for the notched specimens, and in particular
the R0.8 specimens, than for the smooth specimens.

The reader is referred to Thomesen et al. (2020) and
Tomstad et al. (2021) for a more detailed presentation
of the tensile tests of all alloys except alloy 6061B, for
which the results have not been published before.

2.4 Summary

The relevant main findings from the tensile tests and
previous studies (Thomesen et al. 2020; Tomstad et al.
2021) are as follows:

– Alloys 6061 and 6110 have a similar strength,while
alloy 6063 has a lower strength due to its lower
precipitate content and solute levels.

– Alloy 6063B has a slightly higher strength than
alloy 6063A, presumably due to some of the added
Si precipitating with Mg or the additions contribut-
ing by solid solution hardening.

– Alloys 6061A and 6063A have a similar ductility,
while alloy 6110A has a lower ductility. The trend
in ductility for 6063A and 6110A is presumably
strongly related to the strength. The remarkably
high ductility of 6061A is attributed to the higher
fraction of smaller particles than for 6063A.

– Theductility ismore reduced for 6061 than for 6063
and 6110 between the A- and B-alloys, which is
mainly attributed to a shift towards a larger particle
size, while 6063 retained a similar particle size dis-
tribution for B as for A and 6110 had a shift towards
smaller particles for B.

3 Experimental methods

3.1 Kahn tear test specimens

The specimens were produced by wire erosion accord-
ing to the geometry specified inASTMStandard B871-
01 (2001), with the exception of the notch radius,
which, due to limitations in the applied fabrication
method, had to be increased. The standard specifies a
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Fig. 3 Nominal specimen geometry. Dimensions are in mm.
The vertical red line across the notch root represents the virtual
extensometer applied in the DIC analyses

Table 3 Measured notch radii for the various test series

6061 6063 6110

A-alloy 0.24 mm 0.21 mm 0.20 mm

B-alloy 0.20 mm 0.20 mm 0.18 mm

notch radius of 0.00025 in. (0.006mm), while the nom-
inal radius here is 0.2mm. The contour of the geometry
was first machined, before slices in the desired thick-
ness were cut from this piece. Hence, the notch root is
equal for all the specimens of each alloy. The nominal
geometry is shown in Fig. 3. The specimens were heat
treated after machining to temper T6 according to the
procedure specified in Sect. 2.1.

The initial notch radiuswas checked using edge trac-
ing with the in-house Digital Image Correlation (DIC)
software eCorr (Fagerholt 2017), and is presented for
all the alloys in Table 3. It is noted that the observed
deviations in notch radius may affect the initiation of
the crack in the tear tests.

3.2 Test setup

The tear tests were performed in Instron 5900-series
universal testing machines at a crosshead velocity of

1 mm/min. The force and the crosshead displacement
were logged by the machine at 10 Hz. Six tests of each
material were carried out. Two of the tests for each
material were run until the force was down at 2% of the
peak force, while the remaining four tests were stopped
at 80, 60, 40 and 20% drop from the peak force. Two
Ximea CB200MG-CM 20 megapixel cameras, placed
on each side of the specimen, captured the deformation
on the surface of the specimen. There was also a lamp
on each side to illuminate the specimen. For most of
the tests, the frame rate was 1 Hz, while for some tests
the frame rate was increased to 3 Hz. The latter applied
to those tests of the B-alloys that were stopped prior to
a complete drop in force.

The specimens were attached to the machine with
clevises and pins, together with 3D-printed plastic
spacers occupying the gap between the specimens and
the clevises to restrict lateral movement. The speci-
mens were painted with a black-on-white speckle pat-
tern before testing to prepare for DIC analysis.

3.3 Digital image correlation (DIC)

2D-DIC with the in-house software eCorr was used on
the image series to obtain displacement data by a virtual
extensometer and strain field plots. DIC analyses were
mainly run only on the image series from one side of
the specimens, but were for some tests run on the image
series from both sides of the specimens, to check that
this gave only small differences in the response curves.

An element size of approximately 0.4 mm was used
in the DIC analyses. Elements were eroded as they
reached a critical element strain to avoid problemswith
the image correlation. The critical strain was chosen
for the element erosion to best fit the crack propaga-
tion of the image series at hand. To obtain alternative
displacement data to the crosshead displacement, a 6
mm virtual extensometer was placed just across the
notch tip of the initial images, see Fig. 3. The virtual
extensometer was used to measure the notch opening
displacement (NOD).

3.4 Computed tomography (CT)

After testing, the unloaded specimenswereCT scanned
in a Nikon XT H225 ST MicroCT machine at the X-
ray laboratory at the Department of Physics, NTNU.
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The scans were reconstructed using Nikon CT Pro 3D,
versions XT 4.4.2/3, reporting a voxel size of 19–25
µm. For the first specimen series that was scanned,
which was 6061A, the specimens were scanned one
by one, while the remaining series scanned the entire
series at once. The programmes ImageJ 1.52a (Rasband
1997–2018) and ParaView 5.7.0-RC1 (Ahrens et al.
2005) were used for visualization, i.e., to study slices
in three orthogonal directions and to render 3D models
of the fracture surfaces, respectively.

3.5 Scanning electron microscopy (SEM)

The fracture surfaces of the tested Kahn specimens
were investigated from secondary electron images
obtained using a Zeiss Gemini SUPRA 55VP Field
Emission Scanning Electron Microscope (FESEM)
operated at 15 kV. To access the fracture surfaces, the
specimens were carefully cut to separate the specimen
halves. All specimens were cleaned in an ultrasound
bath using acetone, before inserted into the vacuum
chamber of the FESEM.

4 Results

4.1 Response curves

The force–notch opening displacement (NOD) curves
obtained from the elongation of the virtual extensome-
ter are shown in Fig. 4 for each of the alloys, while
Fig. 5a and b show the force–crosshead displacement
curves for the two complete tests for all the A- and B-
alloys, respectively. These curves are further used to
calculate the unit initiation energy (UIE) and the unit
propagation energy (UPE), respectively, both found in
Table 4. The UIE was calculated as the area below the
force–NOD curves up to the point of maximum force,
divided by the original net area of the specimen. It is
stressed that theUIEmight be affected by differences in
the notch radius between the test series, seeTable 3. The
UPE was found as the area below the force–crosshead
displacement curves of the two complete tests from the
maximum force and until the end of the curve, divided
by the original net area of the specimen. The UPE is
hence only computed for the two tests in each series
that were run until 2% of the maximum force.

The tests on the A- and B-alloys were performed on
two different occasions, using two different, but inten-
tionally equivalent machines. The slope of the force–
crosshead displacement curves for theA-alloy tests and
the B-alloy tests were compared to evaluate the equiv-
alence of the two setups. After an initial deviation the
slopes were not distinguishable, indicating a compa-
rable machine stiffness after the initial specimen-to-
fixture alignment. As the virtual extensometer coin-
cides with the force axis before crack propagation, its
data can be used for computing the UIE. In this way
we avoid any inaccuracies on this measure originating
from using the crosshead displacement, and in partic-
ular from using two different machines for the A-alloy
tests and the B-alloy tests. As the crack opens, the vir-
tual extensometer will shift with respect to the force
axis due to rotation of the specimen halves about the
pins, and the virtual extensometer can no longer be
used to calculate the energy. The comparable machine
stiffness suggests that calculating the UPE from the
crosshead displacement should be acceptable, as the
specimen and fixtures should be well set from the point
of crack initiation and onwards.

For all alloys there is a clear effect on the response
curve in Fig. 4 of the increased constituent-particle con-
tent. Owing to the reduced ductility, but comparable
strength, the peak of the curve is reached earlier and is
hence lower and sharper, which represents less necking
and a more abrupt fracture. The peak force for 6063 is
less affected than the peak force for 6061 and 6110.
The response curves deviate little before the peak. The
peaks of the response curves of 6061B, 6110A and
6110B aremore scattered than those of the other alloys,
and there is some more scatter in the response curves
of 6110 than in those of the other alloys.

As can be seen in Table 4, alloy 6061A has the high-
est UIE, which is attributed to its superior combination
of strength and ductility, but the slightly larger notch
radius could also contribute. The UIE of alloy 6063A
is not much below, despite its lower strength and the
lower peak in the response curves. However, for 6063A
the peak occurs at a moderately higher displacement in
the response curves than for 6061A, which partly com-
pensates for the lower peak force. The UIE is notably
lower for 6110A than for the other two A-alloys, due
to the much lower ductility of this alloy. For 6061 and
6110, the UIE is reduced by approximately 60% for the
B-alloy with a higher constituent particle content com-

123



The effect of constituent particles on the tear resistance 173

Fig. 4 Force–NOD curves from the Kahn tear tests, where the
NOD was measured by DIC using a virtual extensometer with a
6 mm gauge length placed across the notch: a 6061, b 6063 and

c 6110. The points where the tests are stopped are marked with
asterisks

Fig. 5 Force–crosshead displacement for the two tests of each of the a A-alloys and the b B-alloys run to 2% of the maximum force

pared to the A-alloy. For 6063, the UIE is reduced by
about 40% for the B-alloy compared with the A-alloy.

The UPE is similar for 6061A and 6063A, despite
the peak force being much higher for 6061A than for
6063A, see Fig. 5. The longer tail of the response curve
for 6063A and its marginally shallower slope compen-
sate for the difference in the peak force on the resulting
UPE. Alloy 6110A has a much lower value of the UPE

than the other two A-alloys, which is related to the
steep drop in the response curve at after the peak force,
see Fig. 5a. The relative difference in UPE between the
A- and B-alloys is similar for 6061 and 6110, with a
reduction by two thirds from the A-alloy to the B-alloy,
while for 6063 the UPE is approximately halved.
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Table 4 Unit initiation energy (UIE) and unit propagation
energy (UPE)

Alloy UIE (kJ/m2) UPE (kJ/m2)

6061A 37.9 ± 2.6 117.3, 124.2

6061B 16.2 ± 2.0 41.9, 42.8

6063A 35.7 ± 1.1 125.5, 121.2

6063B 22.2 ± 1.2 55.0, 59.9

6110A 24.4 ± 2.6 46.1, 46.9

6110B 9.8 ± 1.4 17.1, 16.0

The UIE is presented as the average and the standard deviation
of all six tests. The UPE is presented as each measurement of the
full tests

4.2 Strain fields

Most of the Kahn tear tests exhibited a steady slant
fracture throughout the entire crack propagation after a
flat-to-slant transition. The fracture mode was clearly
visible in the DIC strain fields as a strain concentra-
tion on the surface that is wider on one side of the
crack than on the other side. An example on how the
effective strain field typically develops as the crack
advances is shown in Fig. 6,where the strain field of one
of the 6063A tests is plotted. This material has more
intense strains than the others, and hence shows most
clearly the observed trends. Before the crack initiates, a
“butterfly-wing shaped” strain field (Frodal et al. 2020)
can be seen at the notch (Fig. 6a). The crack then initi-
ates in one of the wings, typically reversed on each of
the sides of the specimens, such that a slant crack forms
after the initial crack shape. The shape of the crack will
be covered in more detail in Sect. 4.3, where the CT
results are presented. For the initial part of the crack
propagation (Fig. 6b, c), the strain field around of the
crack tip is of a lower intensity and more blurred than
what proceeds (Fig. 6d, e). As the crack approaches the
back of the specimen, the response curve flattens out,
the crack propagation is limited, and most of the defor-
mation is compression of the back of the specimen. At
this point, the strain field around the crack tip becomes
less pronounced again, see Fig. 6f and g for 6063A.

Figure 7 shows the effective strain field at the end of
the test for one specimen of eachmaterial. For all mate-
rials, slant strained bands are observed, which are ori-
ented between the loading direction and the direction
of crack propagation. There are clearly higher inten-
sity strains around the crack for 6063 than for 6061
and 6110, and for 6110 the deformation outside of the

cracked region is limited. In all three cases, the strains in
the specimens of the B-alloy are considerably reduced
with respect to the corresponding A-alloy.

4.3 Computed tomography scans

Studying the CT scans did not reveal any differences
in the overall fracture mode between the alloys, as all
tests failed by slant fracture. Figure 8 shows a render of
the CT scan of all the specimens from one test series.
The initial tunnelling results in a flat triangular region
(Bron et al. 2004; Morgeneyer et al. 2010) on the frac-
ture surface, with shear lips towards the specimen sur-
face. This region can be seen at the notch tip of the
tests in Fig. 8. As the crack progresses, the shear lips
grow and merge. In most cases, the shear lips are in the
same direction, andmerge to form a slant fracture. This
is commonly referred to as a flat-to-slant transition.
However, in some tests, the shear lips form in opposite
directions, merging to a V-shaped fracture mode after
the flat triangular region. In all these tests, one of the
halves of the crack eventually flips to the other shear
band, continuing as a slant fracture. In some cases, this
happens already in the initial stage, before the shear
lips merge.

The slant crack that forms has an angle of approx-
imately 45◦. The crack tends to have a slight S-shape,
as shown by Fig. 9a for 6063B, but is sometimes more
planar, as illustrated for 6110B in Fig. 9b. This shape
change appears to have a slight correlationwith the duc-
tility of the alloy, but this connection is somewhat dif-
fuse and the shape even varies within each test. Along
the crack propagation, the fracture surface shows some
roughness, particularly in the centre. An example is
shown in Fig. 9c, but this is also clearly visible in Fig.
8. Some partial flipping to opposite shear bands also
occurs from the surface of some specimens, as shown
in Fig. 9d, but the crack never flips completely, and
eventually it flips back. In some of these cases, crack-
ing is visible in both shear bands simultaneously. One
case is illustrated in Fig. 9e, where it may be spotted
on the left side of the specimen.

Despite limited resolution of the scans, an indica-
tion of tunnelling of the crack can be observed by the
crack being visibly open in the middle, while appear-
ing closed towards the surface. This is shown in Fig.
9f, where edges on the surface can also be seen, indi-
cating shearing towards the specimen surfaces. Also
Fig. 8 illustrates the occurrence of tunnelling clearly.
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Fig. 6 Effective strain field of 6063A during crack propagation, where the sub-figures a–g correspond with the respective labels in the
force–NOD curve

Fig. 7 Effective strain field at 98% drop from peak force (end of test) for all materials: a 6061A, b 6063A, c 6110A, d 6061B, e 6063B
and f 6110B. Note that the colour legend is scaled differently for each material
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Fig. 8 RenderedCT scan of the test series of 6061B. From left to
right: stopped at 20%, 40%, 60%, 80% and 98% (two repetitions)
drop from peak force. Due to limited scanning resolution and
unloading before scanning, the render is not capable of capturing
the crack tip perfectly

Again, due to the limited resolution, a very small dis-
tance between the two crack faces and elastic unload-
ing, the crack tip must not be interpreted as perfectly
represented, but the figure shows that the crack is more
opened in the centre than towards the specimen surface
close to the crack tip. It is noted that it has been shown
in the literature that the tunnelling effect in slant cracks
is certainly limited compared to the tunnelling effect
in flat cracks or in the initial flat tunnelling (James and
Newman Jr. 2003; Bron et al. 2004).

Any particular behaviour at stages in the crack prop-
agation was not found in the CT scans. Only the “fully”
propagated cracks differed from the cracks that were
stopped intermittently, as they were more opened and
the thickness at the crack tip was close to the thick-
ness of the undeformed parts of the specimen. This
observation corresponds with the DIC strain field evo-
lution during the crack growth, where there was little

strain immediately ahead of the crack tip of the fully
propagated cracks. The thinning of the specimen at the
crack tip shows little variation until the crack enters into
the compression region of the specimen. The thickness
of the specimen at the last point where the crack tip
is detectable in the scans, varies between the alloys
from approximately 84% for 6063A to approximately
97% for 6110B compared to the thickness of the speci-
mens outside of the necked region, with the other alloys
between these limits. Figure 9f and g show the neck-
ing of 6063A and 6110B specimens at the location of
the very last visible sign of the crack, illustrating the
substantial difference in ductility between these two
alloys. In general, the trends in the thinning correspond
well with the trends in tensile ductility between the
alloys observed in Sect. 2. Beyond the differences in
the thickness reduction and the opening of the cracks,
no systematic differences were found between any of
the alloys in the CT scans.

The slant strained bands observed in the DIC results
were observed as out-of-plane deformation at the sur-
face of the specimens in the CT scans, as illustrated
in Fig. 10a and b, and appeared often to coincide with
an uneven crack edge, e.g., small instances of incipi-
ent flipping at the edge of the crack, see Fig. 10c. The
example shown in Fig. 10 had a very intense strained
band. As may be seen approximately in the centre of
the CT scan rendering and the SEM imaging in Fig. 10d
and e, respectively, there is a “roof shape” on the frac-
ture surface. This is the incipient flip continuing from
the edges towards the centre, in the crack propagation
direction. However, it quickly turns back to the original
band, and the crack continues as before the partial flip.

4.4 Fractography using scanning electron microscopy

The microscopic dimple structure of the fracture sur-
faces from the Kahn tear tests was investigated by
means of SEM images. From theCT study, it was found
that a flat triangular zone occurs at the crack tip (i.e., in
the initial tunnelling region) with a surface normal to
the loading axis and shear lips on the sides towards the
edges of the specimen.Theflat triangular zone typically
transitions into a slant fracture which is the preferred
fracture mode in all of the tests.

The flat triangular zone shows a classic dimple struc-
ture with mostly coarse dimples having a diameter
of approximately 5–25 µm. Examples of the general
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Fig. 9 A selection of examples on miscellaneous crack
behaviour from the CT scans: a slight S-shape of the slant frac-
ture, b planar slant fracture, c non-smooth centre of the crack, d
partial flipping of the crack on the specimen surface, e cracking
in both shear bands, f edges formed on the surface at the location

of the last faintly visible crack tip in a specimen from the series
with largest thickness reduction, and g location of barely visible
crack tip in a specimen from the series with lowest thickness
reduction

Fig. 10 Out-of-plane deformation close to the crack edge. a DIC strain field, b and c CT scan slices, d CT scan render and e SEM
image. Arrows indicate the crack propagation direction

appearance are shown in Fig. 11a and b for alloy 6063A
and 6063B, respectively. Constituent particles are seen
at the bottom of most dimples, indicating that fracture
occurs by nucleation, growth and coalescence of voids
at these particles.

The aforementioned fracture mechanism reveals a
generally ductile fracture behaviour of all alloys. The
shape of the dimples and the fracturemode indicate that
the triangular zone experienced a tension stress state to
fracture. These observations are valid for all A- and B-
alloys; however, the average dimple size appears to be
smaller for the B-alloys. Tomstad et al. (2021) found
a greater tendency of clustering of constituent parti-
cles in the B-alloys than in the A-alloys, and thus the
smaller dimple size in the B-alloys is attributed to the

much higher volume fraction and smaller spacing of the
constituent particles. The high density of constituent
particles is clearly visible along the entire fracture sur-
face, see examples for the alloys 6061A and 6061B in
Fig. 11c and d, respectively. Although there are lots
of particles visible for both alloys, there is generally a
markedly higher density on the fracture surface of the
B-alloy.

The CT scans revealed some surface roughness
throughout the crack path, particularly in the centre
of the specimen thickness. SEM investigations reveal
a similar dimple structure in the centre-most part of
the slant crack as in the triangular zone, indicating a
tension-dominated stress state in this region. The low
density of coarse dimples is found for all alloys in the
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Fig. 11 SEM images of the fracture surfaces in the flat, triangular zone in a 6063A and b 6063B, and constituent particles on the
general fracture surface of alloy c 6061A and d 6061B

centre region, with some differences in dimple size as
described in the previous paragraph. In addition, there
are areas in-between the coarse dimples that show a
high density of tiny dimples, see Fig. 12a. This feature
is especially prominent in the two 6110 alloys, but is
also observed on the fracture surfaces of the two 6061
alloys. Intergranular fracture ismarkedly present on the
fracture surface of alloy 6063A,which can be seen from
Fig. 12b; however, this feature was not as prominent in
alloy 6063B. The latter observation was also made by
Tomstad et al. (2021) in tension tests on smooth and
notched specimens of the extruded A- and B-alloys.
For the two 6110-alloys it is possible to observe small
dispersoids in the dimples, as shown in Fig. 12c.

Towards the edges of the slanted crack, the appear-
ance of the fracture surface is completely different from
the flat triangular zone, see the example given in Fig.
12d for alloy 6061A. Close to the edges of the speci-
mens, there are relatively large areas without dimples
that have either a rather smooth or a somewhat rough
surface. Dimples are observed here as well, but these
dimples have a more parabolic appearance. The clearly
different appearance of the fracture surface compared
with the flat triangular zone and centre-most part of
the slant crack is caused by the different stress state
in this area, which is more shear-dominated. There is
obviously a transition between the extremities observed
at the edge and the centre-most part of the crack, and
in this transition zone a blend of the above features is
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Fig. 12 SEM images of the fracture surfaces in the Kahn tear tests: a small and large dimples in 6110A, b intergranular fracture in
6063A, c dispersoids in 6110A, and d towards the edges of the slant crack in 6061A

found. This appearance of the fracture surface is found
for all alloys; however, there are some differences in
microscopic and macroscopic surface roughness and
the extent of the smooth areas before and throughout
the transition zone for the various alloys.

The above-mentioned observations from the frac-
ture surfaces of the Kahn tear tests greatly resemble the
observations made on fracture surfaces of axisymmet-
ric tension tests performed by Thomesen et al. (2020)
and Tomstad et al. (2021). A clear connection is seen
between the fracture surface in the flat triangular zone
and the centre-most region of the Kahn specimen to
the centre part of the tension specimens, and also the
slanted edges of the Kahn tests have many similarities
to the shear lips near the periphery of the tension spec-

imens. For the flat triangular zone and the centre-most
region of the Kahn specimen, the size and shape of the
dimples are in closer resemblance to the dimples on the
notched tension specimens thanwith those observed on
the smooth specimens.

Partial flipping to other shear bands was observed at
the macroscopic scale from the CT scans. SEM investi-
gations could not reveal any obvious abnormalities on
the fracture surfaces to explain the flipping. There is
a possibility that strain localizes in these shear bands
due to local heterogeneities, for instance in the particle
distribution or in the local grain orientations, causing
these occurrences. It is hard to investigate these local
heterogeneities experimentally, but numerical investi-
gations by, e.g., Tekoğlu and Nielsen (2019), support
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the hypothesis. However, a detailed study of this phe-
nomenon is outside the scope of the present paper.

5 Discussion

As for the failure strain in the notched tensile tests, the
UIE and the UPE of the Kahn tear tests had a stronger
reduction from the increased content of constituent par-
ticles thanwhatwas observed for the failure strain in the
smooth tensile tests. Interestingly, the trends between
the alloys for the UIE and the UPE did not correspond
entirely with the trends observed for the tensile ductil-
ity. For 6061 the increased constituent-particle content
had a stronger effect on the tensile ductility than for
the other alloys. This was attributed to a shift towards
larger particles from the A-alloy to the B-alloy, while
for the other two alloys the particle size distribution
was similar (for 6063) or shifted towards smaller parti-
cle sizes (for 6110). However, for the UIE and the UPE,
the reduction from the A-alloy to the B-alloy was equal
for 6061 and 6110, while 6063 had a smaller reduction.
Thus, the differences in the reduction of the tear resis-
tance cannot be solely attributed to differences in the
particle size or be linked directly to the trends in tensile
ductility. Bron et al. (2004) emphasized the importance
of particle spacing on the tear resistance. The particle
spacing was not monitored specifically in the current
study, but a shift towards smaller particle sizes would
imply an even higher number density/lower spacing
and could thus be a factor affecting the reduction in
tear resistance of 6110B. The presence of dispersoids
in 6110 could possibly amplify the effect from the lower
constituent-particle spacing in 6110B and hence con-
tribute to the effect from the reduced spacing being
stronger for 6110 than for the other two alloys. The
lower effect on both the tensile ductility and the tear
resistance for 6063 than for the other alloys could also
be connected with the stronger tendency for intergran-
ular fracture in 6063A than in 6063B, as indicated by
the facets found on the fracture surface of the former
alloy.

The differences in ductility further proved in the
intensity of the strain fields and the localized necking
measured on the CT scans. Still, there were no visible
differences in the CT scans with respect to the frac-
ture mode, neither between the A- and B-versions, nor
between the alloys. Thus, the constituent particle con-
tent does not appear to influence the preferred fracture

mode, and parameters the alloys have in common are
attributed major influence on the fracture mode, par-
ticularly the low strain hardening, which is commonly
emphasized in the literature as themain parameter [see,
e.g., Hickey and Ravi-Chandar (2016)].

With DIC, lower strains were computed in the initial
stage of the crack propagation, possibly related to the
flat-to-slant transition. This could not be recognized in
the CT scans as less necking. The DIC strain fields fur-
ther showed strained bands angled between the crack
propagation direction and the loading direction. These
bands were also recognized in the CT scans as out-of-
plane deformations, and were observed to often occur
when therewas a small, partial flip or any other uneven-
ness at or close to the crack edge. This unevenness
reduces the amount ofmaterial on that side of the speci-
men, and consequently facilitates deformation. The fact
that the bands are slanted could possibly be related to
tunnelling of the crack. The extension of an unevenness
in the crack propagation direction towards the centre
was visible on the fracture surface both in the CT scan
renders and by SEM imaging of the specimen shown in
Fig. 10, which had particularly intense strained bands
and could possibly represent an extreme case. For most
other cases, wewere not able to distinguish such a clear
extension of the crack edge roughness on the fracture
surface.

Despite low resolution of the CT scans, and thus
inability to carefully examine ongoing fracture mech-
anisms and features of the crack tip, there were indica-
tions on a certain tunnelling of the crack. In the present
study, the main aim has been to compare the materials
at a more overall level and, if possible, observe dif-
ferences at various stages of the crack growth, while
not capturing the finest details of the crack tip. A high-
resolution scanwould come at a cost of the field of view,
and comparing the full cracks would not be feasible.

There were varying amounts of scatter in the mea-
sured force–NODcurves (seeFig. 4), a trend apparently
coinciding with the trends in ductility/tear resistance.
The test series with the least ductile alloy, 6110B, had
one test with a peak force approximately 15% higher
than the peak force of most of the other tests in the
series. The fracture surface of the specific specimenwas
studied in the SEM and compared to another specimen
in the test series to search for possible explanations for
the high peak, such as notably less constituent particles,
but nothing particular was found. That precise speci-
men was notably thicker than the other specimens in
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the series, but not enough to account for the difference
in the force, and not enough to be affecting the peak
force substantially.

6 Concluding remarks

In this study, the tear resistance of three 6000-series
aluminium alloys in temper T6 was studied. For each
alloy, there were one commercial version (A-alloy) and
one version with increased content of constituent par-
ticles (B-alloy), where the B-alloy had a constituent-
particle content of approximately three times that of
the A-alloy. The aim was to study the effect of this
increased constituent-particle content on the tear resis-
tance, but also to investigate if there were any effects
on the fracture mode or the fracture mechanisms. The
study is a continuation of the studies by Thomesen et al.
(2020) andTomstad et al. (2021), where the tensile duc-
tility of the alloys was investigated experimentally.

The unit initiation and unit propagation energies,
characterizing the tear resistance of the alloys, were
notably lower for the B-alloys compared to the A-
alloys. The UIE was reduced by approximately 40%
for alloy 6063, and by approximately 60% for alloys
6061 and 6110. The UPE was approximately halved
for alloy 6063 and reduced by two thirds for 6061 and
6110. As for the failure strain in the notched tensile
tests, the tear resistance in the Kahn tear tests was more
strongly affected by a higher content of constituent par-
ticles than the failure strain in the smooth tensile tests
was. Alloy 6063was less affected by the increased con-
tent of constituent particles than the other alloys both
in terms of tensile ductility and tear resistance. While
the tensile ductility of alloy 6110 was less affected by
the increase in constituent-particle content than the ten-
sile ductility of 6061, the tear resistance was affected
equally for the two alloys. The overall fracture mode
was the same for the A- and B-alloys with a slant frac-
ture after a flat-to-slant transition. Therewere no appar-
ent major differences in the fracture mechanisms, but
the B-alloys had somewhat smaller dimples than the
A-alloys, in accordance with the lower ductility and
tear resistance. The slant crack had a more coarse frac-
ture surface in the centre than towards the edges of the
crack, displaying a tensile-dominated fracture mecha-
nism in the centre and a more shear-dominated fracture
mechanism towards the edges.
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