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This study investigates the effect of a high volume fraction of Fe-rich intermetallic phases on microstructure
evolution and mechanical properties in a cold rolled Al-Mg-Si wrought alloy. A conventional Al-Mg-Si alloy was
modified by significantly increasing its Fe and Mn content, while the Si content was adjusted to keep the matrix
composition comparable. Subsequent fast solidification and thermomechanical processing generated a dense
distribution of fine intermetallic phases, which culminated in significant grain-refinement and uniform texture.

The resulting alloy, with almost 10 vol-% Fe-rich intermetallic phase, features an unusually attractive combi-
nation of strength and ductility in addition to the substantially increased strain hardening typical of hetero-
structured materials, and can facilitate a higher usage of scrap input.

A major challenge in the recycling of aluminum is the highly diverse
composition of aluminum scrap. Among other elements, Fe poses a
particular problem as (i) it gradually accumulates through the recycling
of secondary aluminum and (ii) it is difficult to remove by metallurgical
means [1,2]. Due to the low solubility of Fe in the aluminum solid so-
lution (<0.05 wt.%), it tends to form primary phases during the casting
process [3]. The effect of Fe in aluminum casting alloys has already been
studied extensively [4-7]. The most important Fe-rich primary inter-
metallic phases (hereafter “IMPs”) in aluminum alloys containing Si are
a-AlFeSi and p-AlFeSi [5]. The a-phase is characterized by a much more
compact morphology than that of the plate-like f-phase [8,9]. For this
reason, because of its influence on mechanical properties, a-AlFeSi is
preferred [1]. Most of the Fe-rich primary IMPs are known to reduce
ductility and to negatively affect formability [3]. Modifying their
structure and morphology (e.g by adding Mn [10-12]) might reduce
their negative effects. In addition, fast solidification (>10 K/s) is known
to promote beneficial formation of refined a-AlFeSi instead of f-AlFeSi
[1,13], with a higher solidification rate required at higher Fe content.
Iron-rich IMPs can also be fragmented and converted to more rounded
shapes by heat treatments [14,15]. Homogenization between 530°C and
600°C triggers the transformation of plate-shaped p-particles to globular
a-particles, which is known to improve formability and prevent
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localized cracking and surface defects [10,12,16].

Interestingly, foil materials (i.e. 8xxx alloys [17]) typically have a
very high Fe content and exhibit good elongation and forming proper-
ties. Recently a study in the context of other Al alloys showed that a
crossover between different classes of alloys offers great potential in
terms of combining positive properties (i.e. good formability and high
strength were seen for a crossover between 5xxx and 7xxx alloys in
[18]). Inspired by this, we aimed for a crossover between 6xxx and
Fe-rich 8xxx series alloys.

In this study we demonstrate that a purposely generated high volume
fraction of hard iron-rich IMPs can be used to positively influence grain
size, final material properties, and recyclability. The concept shows
hetero-deformation-induced (HDI) strengthening and HDI strain hard-
ening to improve mechanical properties [19,20] of the final sheet
characteristics of Al-Mg-Si wrought alloys with high Fe-content.

To synthesize the test alloy with high IMP content, the alloy EN-AW
6016 containing 1.2% Si, 0.4% Mg, 0.2% Fe and 0.1% Mn, which served
as a reference, was remelted, and Mn (75% Mn and 25% Al reagent), Fe
(75% Fe and 25% Al reagent) and Si (100% Si reagent) were added via
master alloys (contents given in wt.%). The chemical composition of the
test alloy with high IMP content (6016+IMPs) exhibit the following
values: 1.9% Si, 0.4% Mg, 1.4% Fe and 1.1% Mn. In addition to the
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Fig. 1. BSE micrographs of reference alloy 6016 (a-c) and alloy 6016+IMPs (d-f) in the conditions as-cast (a,d), homogenized (b,e) and solution annealed (c,f).

increase in Fe and Mn, the Si content was deliberately increased to ac-
count for its incorporation into IMPs and to enable a similar amount of
dissolved Mg and Si at the solution treatment temperature (calculated by
FactSage 8.0 database FTlite). The alloys were subjected to similar
processing procedures: remelting and alloying of the elements in an
induction furnace; casting into a rectangular copper mold as described
in [21] (cooling rate ~ 60°C/s, capacity of 100 g); homogenization
treatment at 560°C with a heating period of 8h, followed by a holding
time of 11h; hot-rolling with a laboratory rolling mill from 12 mm to 7.3
mm and cold rolling to 1.2 mm sheet thickness, with intermediate
annealing at 560°C for 25 minutes at 3.1 mm; and finally solution heat

treatment at 560°C for 2 minutes in a contact press, with subsequent
quenching in water at RT.

Tensile tests were performed directly after solution heat treatment
and after 16 days of natural aging at room temperature using a Zwick/
Roell Z 100 model tensile testing machine with a gauge length for the
samples of 45 mm and a crosshead speed of 0.0032 mm/s in the rolling
direction. For microstructural analysis the cross-section planes of the
sheet material (rolling and normal direction) were prepared by standard
metallographic procedures. Microstructural analysis was performed on a
scanning electron microscope (SEM) type JEOL-7200F. The evaluation
of the IMPs was carried out using the software package ImageJ. Electron
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Table 1
Microstructural characteristics of reference alloy 6016 and the alloy 6016-+IMPs
after solution annealing

IMPs 6016 6016+IMPs
Area fraction [%] 0.5 9.1

Mean equivalent circular diameter [nm] 650 =+ 360 780 + 495
Number of analysed particles [-] 817 10150
Dispersoids

Area fraction [%] 0.02 0.10

Mean equivalent circular diameter [nm] 96 + 41 112 + 48
Number of analysed particles [-] 77 281

Grain size

Average equivalent diameter [um] 22.5+10.4 6.9 + 3.5
Mean aspect ratio [-] 1.76 £ 0.54 1.62 + 0.45

backscattered diffraction (EBSD) was performed using a Symmetry S2
detector from Oxford Instruments. For data analysis, the software
package Aztec Crystal and the mtex toolbox were utilized [22]. The
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orientation distribution functions were evaluated as described in [23].

The results of the microstructural evaluation are shown in Fig. 1 for
both alloys, 6016 (a-c) and 6016+IMPs (d-f). In the as-cast condition
(central area), the IMPs in the reference 6016 alloy (Fig. 1 a) are mostly
fine and elongated in shape, while homogenization (Fig. 1 b) entails a
certain degree of curvature (darker structures seen in the insert of Fig. 1
b are artefacts from metallographic preparation). In alloy 6016-+IMPs
(Fig. 1 d), the morphology resembles that of an Al-a-AlFeSi eutectic with
a twisted arm structure. This “Chinese script” morphology forms by
coupled growth via a binary eutectic reaction with the a-Al-phase [5].
The EBSD analyses reveal a cubic structure. This crystal structure,
together with the twisted arm morphology, are strong indications for the
a-AlFeSi phase [1]. Thermodynamic simulations with the FactSage 8.0
software package and EDS measurements also support the evidence of
a-Al(Fe,Mn)Si phases. For both, 6016 and 6016-+IMPs, primary silicon
was not detected in as cast condition. The homogenization treatment
induces distinct changes in the morphology of the primary phases (Fig. 1

Fig. 2. IPFZ maps (a, c) of the solution treated alloy sheets transverse to the rolling direction (RD) and the ODFs (b, d) of reference alloy 6016 (a, b) and alloy

6016-+IMPs (c, d) in the axis/angle space.
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Fig. 3. Engineering stress-strain curves for alloy 6016-+IMP and reference alloy
6016 in as quenched (SHT) and T4 (16 days of natural aging) condition. The
insert shows a “Kocks-Mecking plot” of the data [6016 and 6016-+IMP], dis-
playing the hardening rate in dependence on the true stress beginning at the
yield point.

e). Besides a coarsening of the previously fine lamellar structure, a
fragmentation into individual particles is evident. After rolling and so-
lution annealing (Fig. 1 f), the IMPs in 6016+IMPs feature a refined
shape with rounded edges. On average, the area fraction of the IMPs in
6016-+IMPs is 9.1% and the calculated mean equivalent circular diam-
eter is 780+495 nm (note: to avoid including fine secondarily precipi-
tated particles and dispersoids in the evaluation of IMPs, only particles
with an equivalent circular diameter >200 nm were used for the
calculation of the mean equivalent circular diameter). In comparison,
the area fraction of reference alloy 6016 (Fig. 1 c) is less than 0.5 %. As
expected, the rolling process aligned the IMPs in the rolling direction.

The secondary dispersoids after solution annealing exhibit a globular
morphology with a size of about 112+48 nm (equivalent circular
diameter) in alloy 6016+IMPs and 96+41 nm in reference alloy 6016.
The high standard deviation results from the fact that the primary phases
are fragmented to very different sizes as shown in Fig. 1. The quantity of
dispersoids in the experimental alloy 6016+IMPs is also much higher
than in the standard 6016 alloy, because Mn also contributes to their
formation [11,24]. Table 1 summarizes the most important micro-
structural features.

Fig. 2 illustrates the pronounced difference in microstructure be-
tween 6016 and 6016-+IMPs. By means of EBSD, the crystal orientations
were determined and plotted as inverse pole figure maps. Both alloys are
completely recrystallized after the solution heat treatment. We attribute
the refinement of the microstructure in the 6016-+IMP variant to
enhanced nucleation rate during recrystallization via particle stimulated
nucleation (PSN) [15,25,26]. In the neighbourhood of IMPs an increased
dislocation density is formed during rolling, creating favourable sites for
the formation of recrystallization nuclei [15]. In parallel, the large
number of interfaces (originating from both the IMPs and the disper-
soids) hinders coarsening of the newly formed grains [25-29]. Conse-
quently, the finest grains, with sizes below 5 um, are found in areas of
high particle density. New grains generated by particle stimulated
nucleation have certain orientations, which are independent for each
individual particle [25]. If PSN dominates the recrystallization process it
induces more random orientations, which lead to a rather weak texture
on the macroscale [25]. Both alloys exhibit a weak texture (6016,
J-Index: 1.3536 and 6016+IMPs, J-index: 1.3006); the only visible in-
crease in orientation densities is the cube orientation rotated 45° around
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Table 2
Mechanical properties of alloys 6016 and 6016+IMP in the conditions T4 and
SHT.

6016 (SHT) 6016 (T4) 6016+IMP (SHT) 6016+IMP (T4)
Rpo,2 [MPa] 48 £1 110 £1 861 159 +1
R [MPa] 167 +1 229 +1 246 + 2 308 £1
Ag [%] 24.1 £2.9 243+1.1 176 £ 2.1 19.0 £ 0.6
A [%] * 32.24+ 28 30.1+1 21.8+2.2 247 +1

the normal direction (Euler angles 0°-45°-0° in Bunge convention). In
6016+IMPs this orientation is more pronounced. Fig. 2 (b) (6016) and
(d) (6016+IMPs) show the respective orientation distribution functions
in the axis-angle space. In both cases, orientations of well over 3000
grains were evaluated.

Fig. 3 presents the technical stress-strain curves from tensile tests of
the 6016 and 6016-+IMPs (values are given in Table 2). Two unique
features are particularly striking: on the one hand the significantly
higher strength values of alloy 6016+IMPs, and on the other its simul-
taneous surprisingly high total elongation of ~ 25%.

We will first assess the higher strength values of alloy 6016+IMPs in
both SHT and T4. Comparing the increase in yield strength from the
solution-annealed condition (SHT) with T4, we notice that natural aging
is about 11 MPa greater in alloy 6016+IMPs. Although the matrix
composition upon solution treatment was adjusted via FactSage this may
come about due to slight deviations in Mg and Si arising from the
melting process or uncertainties in the FactSage simulation. The increase
in yield strength of alloy 6016+IMPs of ~ 38 MPa in SHT condition can
be attributed to the interaction of multiple mechanisms. Increased solid
solution hardening may have a small influence, but the contributions to
strength increase result primarily from increased grain boundary hard-
ening and the formation of geometrically necessary dislocations (GNDs),
which can be assigned to hetero-deformation-induced (HDI) strength-
ening [19].

The increase in boundary hardening is quite obvious. For the refined
grains in alloy 6016+IMPs (the grain size of 6.9 pm is significantly
smaller than that of alloy 6016 with 22.5 um), a yield strength increase
of about 13.6 MPa is calculated according to Hall-Petch with a ky of 80
MPa+/(um) [30].

The HDI strengthening via the formation of GDN is attributed to two
key issues. Firstly, the difference in thermal expansion between the Al
matrix and the IMPs, and secondly, the fact that the IMPs do not deform
plastically. In both cases we apply Ashby’s concept [31] and determine
the number of dislocation loops, n, necessary to compensate for the
geometric mismatch between matrix and IMPs.

We first consider the situation when quenching from the solution
heat treatment temperature. With an IMP size of d and a difference in the
coefficient of thermal expansion Aa between the Al matrix and the IMPs,
we obtain the number of GNDs formed upon quenching according ton =
A%i [30]. With Aa ~ 14 x 107% K~! [32], b=0.29 nm (b Burgers
vector of Al), A=3 for cube-shaped particles and AT= 540 K (quenching
from 560°C to RT) one calculates 78 dislocations per intermetallic
particle. Assuming a particle size of ~ 1 um and a volume fraction of ~
10 %, these dislocations are to be assigned to an area of ~ 10 um?, which
corresponds to a dislocation density p of 7.8 x 10'2 m™2. Using the
Taylor equation [33], 6 = aGb,/p (G shear modulus, 25.5 GPa; o ~ 0.6)
an increase in yield strength of approximately 12 MPa is calculated.

We now apply the concept of Ashby [31] to assess the stress increase
caused by the presence of IMPs that do not deform plastically. First, we
estimate the dislocation loops required to compensate for the volume
difference resulting from the plastic deformation of the Al matrix
compared to the undeformed IMPs. For cubic particles of size d, the
number of geometrically necessary dislocations loops results in: n = A %‘1
(e amount of plastic deformation). Considering the volume fraction fy of
IMPs, the following relationship is obtained for the dislocation density:
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Fig. 4. EBSD kernel average misorientation (KAM), grain boundaries >10° (red) and IMPs (red) of (a) alloy 6016 and (b) alloy 6016-+IMPs after applying 25% strain.
The insert shows a magnified section of the micrograph; the histograms quantify the distribution of the individual KAM values, with a shift to higher KAM for

6016-+IMPs (total normalized fraction = 1).

p = %. Now we consider that at the measured yield strength, Ry.2, the
material is 0.2% plastically deformed. With a particle size of 1 um, a
plastic deformation of 0.2% and a volume fraction of 10%, the GND
density is calculated as &~ 5.5 x 1012 m~2. Using the Taylor equation, the
corresponding increase in yield strength calculates to ~10 MPa. Thus, all
the individual contributions to the yield strength increase add up to a
value of approximately 35.5 MPa, which is in good agreement with the
measured values.

At this point we must note, that the formation of GNDs around rigid
IMPs and the associated hardening is equivalent to increased strain
hardening in the regime of plastic deformation. As shown in the insert to
Fig. 3 (“Kocks-Mecking plot”), the strain hardening is much more pro-
nounced in 6016+IMPs. This can be illustrated by a simple example: A

plastic deformation of 2% results in an additional flow stress increase in
6016-+IMPs in T4 of approximately 30 MPa compared to 6016 (note the
different slope of the c—¢ plot in Fig. 3). Now we calculate the above
example for increasing GND density caused by plastic deformation
again, but now for 2% deformation. The result is a value of ~ 5.5 x 102
m~2, which corresponds to a strength increase of 33 MPa. This increased
strain hardening agrees quite well with the measured stress increase of
30 MPa. We thus conclude, in agreement with the literature [19,20],
that the heterogeneous microstructure of alloy 6016+IMPs positively
affects strength properties.

We will now assess possible explanations for the remarkably good
ductility, demonstrated by the appearance of necking strain and an
elongation to fracture of approx. 25%. For this purpose, we first consider
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the kernel average misorientation (KAM, 1% order, step size 80 nm,
threshold 5°) of the Al-matrix after applying a tensile strain of 25% for
the 6016 and 6016+IMPs in T4 condition in Fig. 4 (note: for 6016-+IMPs
this is close to the elongation to fracture). The KAM values can be seen as
a measure of GND density or local misorientation. In graphical visuali-
zation the color range is spanned between 0° and 1.2°; higher misori-
entation values are indicated with the brightest color. The areas detected
as intermetallic particles are colored in red. If we compare the two
structures, more lattice deformation (caused by GNDs) is observable in
alloy 6016-+IMPs, and it is preferentially concentrated around primary
phases to accommodate the global strain. The KAM histograms also
show that in line with the increased strain hardening discussed above,
the distribution is broader and shifted to higher KAM values for alloy
6016-+IMPs. It is also interesting to note that no zones of local defor-
mation in the form of narrow shear bands are visible. Non-uniform
deformation within such zones would lead to premature fracture due
to the growth and coalescence of cavities [34]. Such cavities are
generally caused by the cracking of coarse second-phase particles,
especially Fe-rich IMPs with high aspect ratios [35], or the decohesion of
the matrix from second-phase particles due to dislocation pile-up
stresses at the particle-matrix interface [36]. In each of the possible
cases, the small size and spherical morphology of the IMPs, as well as the
small matrix grain size and the GND forest surrounding the particles,
help to prevent the early formation of pores and thus failure.

In summary, a new Al-Mg-Si alloy system with a high fraction of Fe-
rich primary intermetallic phases was created. We note that new
wrought alloys containing tramp elements which exceed current stan-
dards have considerable potential. The positive effects of the emerging
heterostructure comprise significantly smaller grains than those of
reference alloy 6016, plus higher strength and higher strain hardening
generated by the formation of geometrically necessary dislocations. The
surprisingly high total elongation in tensile tests can be attributed to the
effects of IMP refinement and morphology, grain refinement and a more
uniform deformation. However, the morphological control of Fe-rich
primary intermetallic phases through appropriate processing is crucial
for the success of such a strategy.
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